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ABSTRACT  
   
Many manmade chemicals used in consumer products are ultimately washed 
down the drain and are collected in municipal sewers. Efficient chemical monitoring at 
wastewater treatment (WWT) plants thus may provide up-to-date information on 
chemical usage rates for epidemiological assessments. The objective of the present study 
was to extrapolate this concept, termed 'sewage epidemiology', to include municipal 
sewage sludge (MSS) in identifying and prioritizing contaminants of emerging concern 
(CECs). To test this the following specific aims were defined: i) to screen and identify 
CECs in nationally representative samples of MSS and to provide nationwide inventories 
of CECs in U.S. MSS; ii) to investigate the fate and persistence in MSS-amended soils, of 
sludge-borne hydrophobic CECs; and iii) to develop an analytical tool relying on 
contaminant levels in MSS as an indicator for identifying and prioritizing hydrophobic 
CECs. Chemicals that are primarily discharged to the sewage systems (alkylphenol 
surfactants) and widespread persistent organohalogen pollutants (perfluorochemicals and 
brominated flame retardants) were analyzed in nationally representative MSS samples. A 
meta-analysis showed that CECs contribute about 0.04-0.15% to the total dry mass of 
MSS, a mass equivalent of 2,700-7,900 metric tonnes of chemicals annually. An analysis 
of archived mesocoms from a sludge weathering study showed that 64 CECs persisted in 
MSS/soil mixtures over the course of the experiment, with half-lives ranging between 
224 and >990 days; these results suggest an inherent persistence of CECs that accumulate 
in MSS. A comparison of the spectrum of chemicals (n=52) analyzed in nationally 
representative biological specimens from humans and MSS revealed 70% overlap. This 
observed co-occurrence of contaminants in both matrices suggests that MSS may serve as 
  ii 
an indicator for ongoing human exposures and body burdens of pollutants in humans. In 
conclusion, I posit that this novel approach in sewage epidemiology may serve to pre-
screen and prioritize the several thousands of known or suspected CECs to identify those 
that are most prone to pose a risk to human health and the environment. 
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CHAPTER 1 
INTRODUCTION 
The discovery and extensive use of several toxic chemicals, such as 
organochlorine pesticides (OCPs) began during and after World War II. Although the 
stability of these compounds was known and valued, little scientific interest was paid 
initially to their long-term effects in the environment. However, concerns increased over 
time with the discovery of significant quantities of chemical residues in the environment 
and in animals suffering from the application and production of these pesticides 
(Ballschmiter et al., 2002). The publication of Silent spring by Rachel Carson in 1962 
highlighted these findings and focused the public’s attention to this important problem. 
This ‘early warning’ resulted in the beginning of various scientific activities related to the 
occurrence and fate of persistent organic pollutants (POPs) in the environment. Research 
findings led to the banning and/or restricted use of many OCPs in several countries, and 
resulted in the passage of several legislative acts such as Toxic Substances Control Act 
(TSCA) in the United States. TSCA requires the U.S. Environmental Protection Agency 
(U.S. EPA) to compile and publish a list of chemicals that are manufactured or processed 
in the U.S.  Currently, more than 85,000 chemicals are listed in the TSCA inventory that 
includes several new organohalogen compounds. It is also estimated that about 2000 new 
chemicals are introduced into commerce each year at a rate of seven new chemicals a day 
(California Department of Toxic Substances Control, 2013). The vast majority of existing 
and new chemicals are not monitored in the environment, and hence are poorly 
characterized in terms of their presence and potential effects on wildlife and humans. 
2 
More than 40,000 such chemicals have been identified as contaminants of emerging 
concern (CECs) (Diamond et al., 2011).   
The U.S. EPA defines CECs as those chemicals that have not been detected in the 
past or are being observed in the environment at higher than expected levels (U.S. EPA, 
2013a). However, some research communities consider even regulated chemicals such as 
polychlorinated biphenyls (PCBs) as CECs, since some of the health effects associated 
with these chemicals that were recently reported are currently not regulated (Diamond et 
al., 2011). Others consider unregulated chemicals as CECs. Among them are 
pharamaceuticals and personal care products (PPCPs), flame retardants, disinfection by-
products and other toxic organohalogen compounds. In most cases, the risk to human and 
environmental health associated with these chemicals, the frequency of their occurrence 
and/or source are currently unknown. 
Recent studies have shown that many of these chemicals can function as 
endocrine disruptors, producing effects even at parts per billion or parts per trillion levels 
(Kidd et al., 2007). Endocrine disrupting chemicals (EDCs) are natural or synthetic 
chemicals with the potential to cause negative effects on endocrine systems of humans 
and wildlife.  Several CECs have been identified as EDCs, including pharmaceuticals, 
pesticides and other industrial chemicals like alkylphenol surfactants that can mimic 
hormonal activity (Campbell et al., 2006; Hilscherova et al., 2000). The production of 
chemicals has reached 400 million tons globally, thereby increasing contaminant 
dispersion and amplifying concerns related to EDCs (Casals-Casas & Desvergne, 2011). 
A recent report by the World Health Organization and United Nations concluded that 
exposure to EDCs during fetal development and puberty increases the incidence of 
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reproductive diseases, endocrine-related cancers, behavioral and learning problems and 
other infections in humans (WHO, 2012). There is still uncertainty about which 
chemicals pose the greatest risk, at what levels, whether and how effects are modified in 
the presence of co-contaminants (mixtures), and what specific adverse effects result in 
environmental systems and human populations.   
An initial challenge faced by regulatory agencies is to prioritize those chemicals 
that are most prone to pose a risk to human health and the environment. Hence, the 
collection of additional environmental occurrence data is critical in the prioritization and 
subsequent process of chemical risk assessment. However, it is often tedious and time 
consuming to sample, identify and monitor CECs in various environmental matrices.  
Sewage Epidemiology 
Most of the CECs after use are disposed of into sewers and ultimately enter 
wastewater treatment plants (WWTPs). The typical fate of manmade chemicals in the 
built wastewater environment is shown in Figure 1-1. Efficient chemical monitoring at 
WWTPs thus may provide up-to-date information on chemical identity, frequency of 
occurrence and abundance based on the usage rates by the human society. This concept 
has been employed by several researchers to track the usage rates of illicit drugs in 
communities by measuring levels in raw wastewater influent (Khan & Nicell, 2011; van 
Nuijs et al., 2011; Zuccato & Castiglioni, 2009). This so called “sewage epidemiology” 
approach has been successfully applied by researchers to provide real-time information 
on trends and patterns of drugs usage in communities. The concept was first hypothesized 
in 2001(Daughton & Jones-Lepp, 2001), which later using methodological approach was 
devised and tested on cocaine as a model drug in 2005 (Ettore et al., 2005). An overview 
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of the approach employed by these researchers is shown in Figure 1-2. After consumption 
of illicit drugs, humans excrete the parental compound and/or its metabolites, which enter 
into the sewer system. If these excretion products are stable enough in the sewage and 
efficiently conveyed to WWTPs, then the levels at which they occur at WWTPs influent 
will be proportional to their excretion rates in that particular community within that 
interval of time. Thus the concentration of the parental compound and/or its metabolites 
in raw wastewater influent is used to back calculate and estimate the consumption rate of 
illicit drugs (van Nuijs et al., 2011). However, the accuracy of this approach depends on 
several factors that include: stability, degradation and partitioning of drugs; human 
metabolism, characteristics of the sewage systems and WWTPs; and other environmental 
parameters such as climatic conditions (Frost et al., 2008; van Nuijs et al., 2011).   
 
Figure 1-1. Fate and transport of anthropogenic chemicals through human society and 
the built wastewater environment (credits: Nicole Hansmeier). 
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Figure 1-2. Overview of the concept of sewage epidemiology [Source: (van Nuijs et al., 
2011)]. 
Fate of Chemicals in WWTPs 
To date the sewage epidemiology approach has been applied to only illicit drugs. 
Provided that many of the CECs are discharged to WWTPs in a similar way (Figure 1-1) 
and are more stable and persistent than illicit drugs, the sewage epidemiology approach 
may be extended to include toxic chemicals of concern other than illicit drugs. This will 
enable to conveniently identify new CECs and estimate the consumption/usage rate of 
these potentially harmful chemicals by measuring their concentration in raw wastewater 
influent. Tools such as these, informing on chemical usage rates and real-world 
biodegradability of chemicals would be a welcome addition to the toolbox of risk 
assessors tasked with prioritizing and managing CECs.  
Although there are many variations of WWTPs, a conventional treatment plant 
employs at a minimum the following steps: pre-treatment (to remove large objects), 
primary treatment (sedimentation tanks), secondary treatment (e. g., activated sludge 
system), and solids handling (e. g., anaerobic digestion). The secondary treatment of 
municipal sewage consists of a biological treatment system that employs a highly 
complex microbial community that is optimized to remove most of the organics present 
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in the wastewater. Chemicals that withstand the primary and secondary treatment process 
in a WWTP have to be considered notably resistant to biodegradation and thus have the 
potential to also persist in the environment upon release. The secondary treatment 
essentially serves as a large-scale biodegradability test for these chemicals. Thus 
chemicals present in the two end products of wastewater treatment (WWT), namely 
treated effluent and sewage sludge (biosolids), are persistent and can potentially 
contaminate the environment. Additionally, the levels at which they occur in these two 
WWT process flows may suggest the likelihood of their occurrence in the environment. 
For example, high concentration of CECs in the effluent may reflect a potential threat and 
inform the estimation of contaminant levels in surface waters to which they are released. 
The relative abundance of chemicals in these two end-products of WWT depends on the 
chemicals’ partitioning ability; i.e., hydrophilic chemicals will be abundant in wastewater 
effluent, whereas hydrophobic chemicals will tend to accumulate in biosolids. Thus, the 
relative abundance of chemicals in effluent vs. biosolids may indicate the type of 
environmental matrix (surface water, sediments, soil etc.) they might be present in upon 
release.  Hence, by studying the fate of chemicals in a WWTP, one may be able to predict 
their fate in real-world biological systems (Figure 1-3). 
 
7 
 
Figure 1-3. Summary of information that can be gathered by studying the fate of 
chemicals in a WWTP.  
Contaminants in Municipal Sewage Sludge 
The term sewage sludge and biosolids are used interchangeably by the U.S. EPA. 
The U.S. EPA defines biosolids as treated or processed sewage sludge that can be 
beneficially recycled. Thus, the term biosolids includes the solid or semi-solid byproduct 
that is usually applied on land as a soil amendment/fertilizer. However, part of the treated 
sewage sludge (biosolids) is also disposed of in incinerators and landfills. Hence, the 
present study uses the term municipal sewage sludge (MSS) to represent the entire solid 
byproduct of WWT regardless of the ultimate recycling or disposal route.   The U.S. EPA 
is required to identify and regulate toxic contaminants that may be present in MSS at 
levels of concern to ecological and human health, under the Clean Water Act that was 
passed in 1972. Hence, U.S. EPA has performed four sewage sludge surveys thus far, to 
identify inorganic and organic contaminants for regulation considerations (U.S. EPA, 
2007; U.S. EPA, 2009). These surveys are important since more than 50% of the MSS 
produced annually in the U.S. is reused as a soil amendment (NEBRA, 2007; U.S. EPA, 
INFLUENT
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2012a). The information from these surveys was used to establish the ‘The standards for 
the use or disposal of sewage sludge’ (Title 40 of CFR Part 503) that describes the 
general requirements, pollutant limits and management practices for the use or disposal 
of sewage sludge. Currently the U.S. EPA has established standards for only nine toxic 
compounds, all belonging to the inorganic group of metals (§503.13). The part 503 
regulation focuses on the presence of nine metals, pathogens and MSS attractiveness to 
vectors as a basis for determining MSS quality. MSS that meet the most stringent limits 
for all three of these parameters are termed Exceptional Quality (EQ) MSS. MSS that do 
not meet the stringent quality are termed non-EQ MSS. Facilities producing EQ MSS are 
not required to follow the Part 503 rule for land application. Non-EQ MSS, however, 
requires following the Rule with respect to pollutant limits, pathogens (Class A – 
pathogen free and Class B – some pathogens), and vector attraction depending upon the 
degree to which the quality diverges from EQ (U.S. EPA, 1994).  Though organics 
including PPCPs, dioxins and dioxin-like compounds and select flame retardants were 
included in surveys conducted by the EPA, standards or limits for organics have not yet 
been established. Several researchers have criticized the methodology and regulation 
process of U.S. EPA (Iranpour et al., 2004; McBride, 2003). Additionally, recent studies 
have shown contamination of groundwater, surface water, and plant uptake of organic 
contaminants occurring from soil amended with MSS (Clarke & Smith, 2011; Lapworth 
et al., 2012; Sepulvado et al., 2011; Wu et al., 2010; Xia et al., 2010). The U.S. EPA has 
screened for only a small fraction of the more than 40,000 CECs that potentially could be 
present in MSS. Additionally, new chemicals are being introduced into commerce 
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annually. Hence more frequent surveys and a wider screening approach is required in 
order to identify and prioritize CECs.  
MSS are known to represent a ‘sink’ for hydrophobic organic compounds of 
limited biodegradability. Chemical concentrations determined in MSS can reveal the 
propensity of chemicals to partition onto solids and withstand biodegradation in 
secondary treatment and sludge digestion processes. It is understood that the partitioning 
of hydrophobic chemicals to sewage sludge is due to their association with the lipid 
fraction of microbial biomass (Moretti & Neufeld, 1989; Randall et al., 1991). This 
mechanism of partitioning is similar to the way these chemicals bioaccumulate in 
macroorganisms, wildlife and humans. Provided that most of these chemical originate 
from the human society, it is possible for these chemicals to accumulate in humans. 
Hence MSS may serve as an indicator to determine the body burdens of bioaccumulative 
chemicals in humans.   
Hypothesis and Objectives 
In an approach analogous to the analysis of the influent from WWTP for sewage 
epidemiology, I hypothesize that: 
The analysis of municipal sewage sludge can serve to identify contaminants of 
emerging concern that are hydrophobic (i.e., have the potential to bioaccumulate), are 
resistant to degradative processes, and are abundant in commerce. 
The main objective of the present study was to extrapolate the concept of ‘sewage 
epidemiology’ to include MSS in identifying and predicting the fate of CECs. To test the 
hypothesis, the following specific aims were defined: 
10 
a. To screen and identify CECs in nationally representative samples of MSS and to 
provide nationwide inventories of CECs in U.S. MSS. This aim was completed by: 
• Performing a literature review summarizing the current knowledge of select CECs 
occurrence in MSSs.  
• Measuring concentrations of CECs in archived MSS samples by: (i) shipping 
composite samples to a commercial laboratory for analysis; and (ii) using liquid 
chromatography electrospray ionization tandem mass spectrometry (LC-ESI-
MS/MS). 
• Performing data analysis to provide national inventories of CECs load in MSS 
and to various end-use compartments of MSS that include land application on 
agricultural soil, landfills and incinerators.  
b. To investigate the fate and persistence of sludge-borne, hydrophobic CECs in MSS-
amended soils. This aim was accomplished by: 
• Measuring concentrations of CECs in archived samples of MSS-soil mixtures 
obtained from a 3-year outdoor soil mesocosm study, by shipping time series 
samples to a commercial laboratory for analysis. 
• Performing data analysis on the concentration to provide half-life estimates and 
persistence of CECs in MSS-amended soil.  
c. To develop an analytical tool relying on contaminant levels in MSS as an indicator for 
identifying and prioritizing hydrophobic CECs. This aim was accomplished by 
performing: 
11 
• an extensive literature search for data on CECs production volume/usage rate, 
physico-chemical properties, and concentration in nationally representative 
human samples. 
• data analysis on the measured CECs concentration in MSS and the collected data 
in order to investigate the inter-relations in the dataset and prioritizing CECs 
based on abundance, environmental persistence, exposure and bioaccumulation 
potential. 
Selection of CECs 
The present research was aimed at extending the efforts of the U.S. EPA’s 
national sewage sludge surveys by analyzing for CECs that were excluded in past U.S. 
EPA studies. The following three types of CECs were included in the present study for a 
comprehensive survey. 
• Hydrophobic contaminants that are primarily discharged to the sewage systems 
after use by the human society. 
• Widespread organohalogen chemicals that are included in the list of persistent 
organic pollutants (POPs) in the Stockholm Convention and are currently being 
considered for regulation in the U.S. 
• Contaminants that have not been previously detected in MSS.  
To satisfy the above criteria the following groups of CECs were selected for the 
present study. 
• Alkylphenols and their ethoxylates – They are non-ionic surfactants widely used 
in detergent products that are primarily discharged to the sewage system after use. 
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• Perfluoroalkyl chemicals and brominated flame retardants – Some of these 
chemicals have been identified as POPs. They are currently being phased-out in 
select products in the U.S. due to their widespread occurrence and toxicity, but 
not regulated in MSS. 
• Nitrosamines – They are disinfection byproducts and potent carcinogens that are 
widely detected in U.S. water resources. To date only three studies have explored 
the occurrence of nitrosamines in sludge systems. Nitrosamines were selected 
primarily for addressing a data gap with respect to their occurrence in MSS. 
Overview of Chapters and Status of Publications 
Chapter 2. National inventory of alkylphenol ethoxylate compounds in U.S. sewage 
sludges and chemical fate in outdoor soil mesocosms [published in Environmental 
Pollution, 174, 189-193 (2013)]. This chapter provides: 
• baseline levels of alkylphenol surfactants in U.S. MSS that are primarily 
discharged to the sewage system after use by the human society; 
• estimates of national loadings of these chemicals to soils; and 
• estimates of the fate (half-lives in soil) of chemicals contained in land-applied 
sludges. 
Chapter 3. National inventory of perfluoroalkyl substances in archived U.S. sewage 
sludges from the 2001 EPA national sewage sludge survey [published in Journal of 
Hazardous Materials, 252-253, 413-418 (2013)]. This chapter provides: 
• national baseline levels of perfluoro chemicals in MSS and discusses their 
occurrence trends in U.S. MSS samples. 
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• estimates of national loadings of these chemicals to soils. 
Chapter 4. Loss and in situ production of perfluoroalkyl chemicals in outdoor sewage 
sludge-soil mesocosms (under review). 
• This chapter provides perfluoroalkyl chemical persistence and apparent half-lives 
in soil amended with MSS. 
Chapter 5. Mass flows of brominated flame retardants in U.S. sewage sludges from the 
EPA national sewage sludge survey and chemical persistence in outdoor soil mesocosms 
(under review). This chapter provides: 
• nationwide inventories of 77 brominated flame retardants (BFRs) in U.S. MSS 
and discusses their occurrence trends between 2001 vs. 2006-07 MSS samples. 
• estimates of national loadings of these chemicals to soils; and 
• estimates of the fate (half-lives in soil) of chemicals contained in land-applied 
sludges. 
Chapter 6. Detection and occurrence of N-nitrosamines in archived sewage sludges from 
the 2006-7 U.S. EPA’s targeted national sewage sludge survey (in preparation for 
submission). 
• Samples were extracted and analyzed using LC-ESI-MS/MS. 
• First study to report levels and frequency of occurrence of eight nitrosamines in 
U.S. MSS.  
Chapter 7. Occurrence of triclosan, triclocarban, and its lesser chlorinated congeners in 
Minnesota freshwater sediments collected near wastewater treatment plants [published in 
Journal of Hazardous Materials, 229-230, 29-35 (2012)]. 
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• Focus of prior chapters is on the solid byproduct of WWT (MSS), while Chapter 
7 in this dissertation was aimed to study the impact of wastewater effluents on 
freshwater sediments. 
• Two contaminants (triclocarban and triclosan) that are primarily discharged to the 
sewage system and are known to persist in the environment were selected as 
model contaminants for this study.  
• Sediment samples from 12 different locations in Minnesota were obtained, 
extracted and analyzed using LC-ESI-MS/MS. 
Chapter 8. Wastewater treatment plants as chemical observatories to forecast ecological 
and human health risks of manmade chemicals (under review). This chapter: 
• serves as a ‘synthesis’ study, where a meta-analysis approach is used on data from 
previous chapters.  
• provides information that are derived by studying CECs occurrence in WWTPs 
sample repositories and the applicability of using MSS as an indicator to 
determine human body burden of chemicals.  
Chapter 9. Research implications and recommendations. 
• An analytical tool using MSS as an indicator matrix was developed to identify 
and prioritize CECs. 
• States the implication of the study with respect to environmental health paradigm 
and suggests future research directions.  
Transitions are provided at the end of each chapter to highlight the connection between 
the various chapters.  
15 
CHAPTER 2 
NATIONAL INVENTORY OF ALKYLPHENOL ETHOXYLATE COMPOUNDS IN 
U.S. SEWAGE SLUDGES AND CHEMICAL FATE IN OUTDOOR SOIL 
MESOCOSMS  
ABSTRACT 
We determined the first nationwide inventories of alkylphenol surfactants in U.S. 
sewage sludges (SS) using samples from the U.S. Environmental Protection Agency’s 
2001 national SS survey. Additionally, analysis of archived 3-year outdoor mesocosm 
samples served to determine chemical fates in SS-amended soil. Nonylphenol (NP) was 
the most abundant analyte (534±192 mg/kg) in SS composites, followed by its mono- and 
di-ethoxylates (62.1±28 and 59.5±52 mg/kg, respectively). The mean annual load of NP 
and its ethoxylates in SS was estimated at 2408–7149 metric tonnes, of which 1204–4289 
is applied on U.S. land. NP compounds showed observable loss from SS/soil mixtures 
(1:2), with mean half-lives ranging from 301 to 495 days. Surfactant levels in U.S. SS 
ten-times in excess of European regulations, substantial releases to U.S. soils, and 
prolonged half-lives found under field conditions, all argue for the U.S. to follow 
Europe’s move from 20 years ago to regulate these chemicals. 
INTRODUCTION 
Alkylphenol ethoxylates (APEOs) are extensively used as surfactants in 
commercial and industrial products. These chemicals are produced in excess of one 
million pounds per year in the U.S. and thus are classified as high production volume 
(HPV) chemicals. Nonylphenol ethoxylates (NPEOs) represent about 80-85% of all 
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APEOs, with an annual consumption estimated at 123,000 to 168,000 metric tonnes in 
the U.S. (U.S. EPA, 2010a). Due to their widespread use, significant amounts of APEOs 
enter wastewater treatment plants (WWTPs), where they readily undergo 
biotransformation to form alkylphenols (primarily nonylphenol) and their short chained 
ethoxylates (mono- and di-ethoxylates) (Ahel et al., 1994; Johnson et al., 2005; Koh et 
al., 2005; Nakada et al., 2006; Shao et al., 2003). Studies have shown WWTP effluents 
are one of the major sources of these degradates in the environment (Ahel et al., 1994; 
Fries & Püttmann, 2003; Langford et al., 2005; Petrovic et al., 2002; Petrovic, Solé et al., 
2002; Sabik et al., 2003). About 60% of the APEO mass entering WWTPs is released to 
aquatic environments (Naylor et al., 1992). AP and APEOs have been detected in surface 
waters, groundwater, WWTP sludge, sediments, soil, air, and even in drinking water 
(Ahel et al., 1994; Ahel et al., 1996; Barber et al., 1988; Dachs et al., 1999; Falkenberg et 
al., 2003; La Guardia et al., 2001; Naylor et al., 1992; Petrovic et al., 2003; Vikelsøe et 
al., 2002). The degradates are shown to be more persistent, lipophilic, and 
bioaccumulative than their long-chained parent APEOs (Ahel et al., 1994; Ekelund et al., 
1993). One of the major concerns associated with these metabolites is their ability to 
mimic natural hormones and induce endocrine disruption in aquatic and terrestrial 
organisms (Jobling & Sumpter, 1993; Jobling et al., 1996; Renner, 1997; Soto et al., 
1991). Substantial literature exists that defines elevated aquatic toxicity of these 
metabolites (European Commission, 2002a; Staples et al., 2009). Nonylphenol (NP), 
octylphenol (OP) and their ethoxylates have also been detected in human milk, thereby 
providing a pathway for exposure of newborns to these endocrine disruptors (Ademollo 
et al., 2008). NP is also associated with respiratory toxicity, inhibition of growth of neural 
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stem cells, increased proliferation of mammary gland cells, and chromosomal aberrations 
(Argese et al., 1994; Colerangle & Roy, 1996; Kudo et al., 2004; Kudo et al., 2004; Roy 
et al., 1998). Due to these concerns, several European countries initiated a voluntary 
phase-out in mid 1990s to reduce the production and use of NP derivatives (OSPAR 
Commission, 2006). Recently, the U.S. Environmental Protection Agency (U.S. EPA) 
initiated both voluntary and regulatory actions on NP and NPEOs in the U.S. (U.S. EPA, 
2012a). 
The fate and occurrence of APEOs and degradates in the environment has been 
studied in detail over the past two decades and has been critically reviewed (Bradley et 
al., 2008; Dubroca et al., 2003; González et al., 2010; Hesselsøe et al., 2001; M. J. La 
Guardia et al., 2001; Shang et al., 1999; Sharma et al., 2009; Soares et al., 2008; Ying et 
al., 2002). One potential exposure pathway for humans is from land application of 
processed sewage sludge (biosolids) on agricultural soil. Levels of 1 g/kg or more have 
been reported in dry sludge (Ahel & Giger, 1985; Ahel et al., 1994). The U.S. EPA has 
performed several national sewage sludge surveys, but AP and APEOs have not been 
included in these surveys. Though other studies have reported concentrations of NP and 
NPEOs in U.S. sludge at levels varying between 4.8 and 1,380 mg/kg, these 
concentrations are limited to specific study locations and to a maximum of 11 U.S. 
WWTPs (La Guardia et al., 2001; Xia & Jeong, 2004; Xia et al., 2010). 
The present study is intended to provide a national baseline level for these 
compounds in U.S. sewage sludges to enable risk assessment. In a research collaboration, 
unused samples from EPA’s 2001 survey were acquired and are being archived in the 
Biodesign Institute at Arizona State University as part of the U.S. National Biosolids 
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Repository (Chari and Halden, 2012). The sewage sludge composites analyzed in this 
study constitute a representative sample (94 WWTP facilities) of the more than 16,000 
WWTPs in the U.S. The purpose of national surveys is to determine levels of trace 
organics in sewage sludges for future monitoring and regulation needs. The present study 
was performed to extend this effort to other emerging contaminants that were excluded 
from past U.S. EPA studies. Additionally, archived samples of outdoor mesocosms were 
analyzed to investigate the fate over three years of AP and APEOs in agricultural soil 
amended with sewage sludge. Mesocosm samples originated from a study conducted 
from 2005 to 2008 in Baltimore, Maryland. The approach of analyzing archived sewage 
sludge composites and mesocosm samples has been validated previously in studies of 
pharmaceuticals and personal care products (PPCPs) performed to evaluate their 
nationwide occurrence in sewage sludges and fate in sewage sludge-amended soils 
(McClellan & Halden, 2010; Walters et al., 2010). The present work employed a similar 
methodology to analyze for AP and short chain APEOs with the goal of providing: (i) the 
first national inventory of these compounds in U.S. sewage sludges; (ii) estimates of 
national loading of AP and APEOs to soils as a result of sewage sludge land application; 
and (iii) half-lives of AP and APEOs in soils amended with sewage sludges. 
MATERIALS AND METHODS 
Sample Description 
Biosolids Mega Composites. Biosolids samples for the 2001 national sewage 
sludge survey (NSSS) were collected by U.S. EPA between February and March 2001 
according to an established protocol (U.S. EPA, 2007). After completion of the 2001 
NSSS, samples were transferred to Arizona State University and stored in amber glass 
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jars (500 mL) at -20oC for further analysis. Biosolids samples were randomly grouped 
into five composite samples, each containing solids from between 21 and 24 individual 
treatment plants. Detailed sampling procedure and preparation of composites are 
provided as supplementary information. A duplicate of composite sample #1 was 
prepared to serve as a blind duplicate. The composites were prepared to establish mean 
national baseline levels for study analytes by examining a small and more manageable 
number of samples. The validity, benefits and limitation of this mega composite approach 
have been discussed in detail previously (Chari & Halden, 2012; McClellan & Halden, 
2010).  
Soil/biosolids Time-Series Samples. Biosolids for the mesocosm study were 
originally obtained from a full-scale activated sludge treatment plant (Heidler et al. 2006) 
located in the mid-Atlantic region of the U.S. Agricultural soil was obtained from the 
United States Department of Agriculture – Agricultural Research Service (USDA-ARS) 
Beltsville Agricultural Research Center (BARC). Biosolids and soil were mixed at a ratio 
of 1:2, which is high compared to the typical land application rate of biosolids (e.g., 1:10 
after mixing), but lower than the application rate of pure biosolids in forestry (1:1). This 
substantial application rate was chosen to enable the potential observation of multiple 
half-lives of biosolids-born compounds in soils and to facilitate the detection of 
degradates of relatively low abundance. The biosolids/soil mixtures were seeded with 
plants and were exposed to ambient outdoor weather condition of the greater Baltimore 
region in Maryland. Detailed information on sampling locations, sampling techniques, 
and experimental setup are provided as supplementary information and in peer-reviewed 
literature (Walters et al., 2010). Samples were collected on day 57, 115, 520, 859, and 
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995 and were archived in the Biodesign Institute laboratory at -20oC until the chemical 
analysis was performed.  
Sample Analysis 
Both sewage sludge composites and sludge/soil mixtures were shipped to a 
commercial lab (AXYS Analytical Services Ltd., Sydney, British Columbia, Canada) for 
analysis of C8-C9 APs and C9 APEOs [octylphenol (OP), 4-nonylphenols (NP), 4-
nonylphenol monoethoxylates (NP1EO) and 4-nonylphenol diethoxylates (NP2EO)]. The 
commercial lab specializes in the analysis of traditional and emerging contaminants and 
also developed EPA Method 1694 for pharmaceuticals and personal care products. The 
samples (2 g-dry) underwent digestion with methanolic potassium hydroxide and liquid-
liquid extracted with hexane followed by non-aqueous acetylation (AXYS Analytical 
Services Ltd., 2004). Acetylated extracts were then cleaned up using a 5% silica 
chromatography column. A recovery standard was added prior to analysis. Instrumental 
analysis was performed on a RTX-5 capillary gas chromatography column coupled to a 
low-resolution mass spectrometer (LRMS) (Finnigan MAT Incos 50 Agilent GC-MSD, 
Agilent Technologies, Palo Alto, CA). The LRMS was operated in electron impact (EI) 
mode using multiple ion detection (MID) acquiring at least 2 characteristic ions for each 
target analyte and surrogate standard (Appendix Table A1). Quality assurance and quality 
control procedures included method blanks and matrix spikes to evaluate recovery rates 
in percent as described in detail elsewhere (McClellan & Halden, 2010; Walters et al., 
2010). All concentrations are reported on a dry weight (dw) basis. Precision between 
samples and duplicates was expressed as relative percent difference (RPD). Method 
performance and RPD calculations are shown in appendix (Appendix Table A2).  
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RESULTS AND DISCUSSION 
National Baseline Levels and Inventories of AP and  
APEOs in U.S. Sewage Sludges 
NP, NP1EO and NP2EO were consistently detected in all composite sewage 
sludge samples, whereas OP was below the detection limit (<1.1 µg/kg) in all the 
samples. This finding is consistent with known surfactant usage patterns that heavily 
favor NP derivatives (80-85%) over OP derivatives (U.S. EPA, 2010a). NP was the most 
abundant compound detected at a mean concentration of 534±192 mg/kg, followed by 
NP1EO and NP2EO at 62.1±28 and 59.5±52 mg/kg, respectively (Table 2-1). This 
relative abundance in sewage sludge is in agreement with previously reported 
concentrations of these compounds (González et al., 2010; La Guardia et al., 2001). It is 
suggested that NP polyethoxylate surfactants undergo degradation by losing their ethoxy 
groups, thus leading to the initial formation of NP1EO and NP2EO (Minamiyama et al., 
2006; Nunez et al., 2007), and ultimately NP (Ahel et al., 1994). Also, the stability of 
these compounds increases with decreasing ethoxylate chains, and as a result NP is 
present at the highest concentration in sewage sludge. The national baseline 
concentrations reported in the present study are within the range of concentrations 
reported in other U.S. studies (Figure 2-1A). The median concentration was comparable 
to sludge concentrations reported in countries like Canada and Switzerland, but 
significantly higher than concentrations reported in sludge samples from Greece, Spain, 
and Sweden (Figure 2-1A). The lower concentration observed in Europe likely are linked 
to the voluntary phase out of NP in these countries (OSPAR Commission, 2006). 
Currently there are no regulations or limits for NP and NPEOs in sewage sludge in the 
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U.S. The European Union has set a limit of 50 mg/kg for NP in sludge for use on land 
(European Commission, 2000). The mean baseline level of NP detected in the present 
study is more than ten times this limit suggesting the immediate need for regulations in 
the U.S.  
Table 2-1. Concentrations detected in U.S. sewage sludges collected in 2001 and 
calculated annual loading of AP and APEOs to different environmental compartments. 
Compound Sewage Sludge 
Concentration 
Avg. (Min, Max) 
(mg/kg) 
Frequency 
Detected 
(%) 
Estimated Annual AP and APEOs Load 
Min-Max (Metric Tonnes/yr)2 
To  
Sewage 
Sludge 
To Land 
Application 
To 
Landfills 
To 
Incineratio
n 
4-Nonylphenol 534 (405, 861)  100 2066-
5510 
1033-3306 351-937 413-1102 
4-Nonylphenol 
monoethoxylate 
62.1 (34.3, 103)  100 175-659 87-396 30-112 35-132 
4-Nonylphenol 
diethoxylate 
59.5 (32.8, 153)  100 167-979 84-588 28-166 33-196 
Octylphenol <MDL1 0 - - - - 
1MDL- Method detection limit 
2These values were calculated based on the estimated percentage of total sewage sludges use and disposal (50-
60% to land application;17% to landfills; 20% to incineration) (NEBRA, 2007; Jones-Lepp and Stevens, 2007; 
National Research Council, 2002) 
Based on the estimated sewage sludge production of 5.1 – 6.4 million metric 
tonnes (5.6 – 7 million U.S. short tons) in the year 2001 (NEBRA, 2007; Jones-Lepp & 
Stevens, 2007; National Research Council, 2002), the nationwide annual loading rates to 
sewage sludge for NP and NPEOs were calculated (Table 2-1). The annual mean loading 
rate of total NP and NPEOs was 2408 – 7149 metric tonnes, with the most abundant 
compound being NP with a rate of 2066 – 5510 metric tonnes in U.S. sewage sludges. 
Based on the estimate of the percentage of total sewage sludges applied on land (50-60%) 
(NEBRA, 2007; Jones-Lepp & Stevens, 2007; National Research Council, 2002), the 
mean loading rate of total NP and NPEOs to agricultural soil was found to be 1204-4,289 
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metric tonnes per year. A significant amount of NP and NPEOs (409-1215 metric 
tonnes/year) was also estimated to go to landfills as an alternative disposal route for 
unwanted sewage sludge (Table 2-1). In order to grasp the true abundance of these 
compounds in sewage sludge, their load in sewage sludge was compared to the respective 
U.S. production volume (Figure 2-1B). Accordingly, it was estimated that up to 1.8 and 
3.9% of the total produced volume of NPEOs and NP in 2001 was sequestered in sewage 
sludges, respectively. The estimated percent for NPEOs is conservative, since the 
production volume of NPEOs includes a wide range of NP polyethoxylates (NPnEOs) 
while the present study analyzed for only mono- and di-ethoxylates.  
Fate of AP and APEOs in Sludge/Soil Mesocosms 
NP, NP1EO and NP2EO were consistently detected in sludge/soil mixtures 
incubated in ambient outdoor conditions for 3 years, whereas OP was not observed (< 1.1 
µg/kg). Control samples of soil that did not receive sewage sludge showed background 
levels of NP ranging between 1.6 and 1.9 mg/kg dw, while the rest of the analytes were 
below the respective detection limit (< 12.2, 33.9, and 1.1 µg/kg for NP1EO, NP2EO, 
and OP, respectively).  NP was the most abundant compound found early in the 
sludge/soil mixture experiment at 50.3 mg/kg dw, followed by NP1EO and NP2EO at 2.6 
and 1.3 mg/kg, respectively. These levels indicate that the majority of the mass of NP and 
NPEOs detected originated from sewage sludge. All three detected analytes showed 
appreciable losses during the mesocosm weathering study (Figure 2-2). The first-order 
degradation curves for these three compounds suggest mean half-lives of 301, 495, and 
462 days for NP, NP1EO, and NP2EO, respectively.  
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Figure 2-1. (A) Box and whisker plot of nonylphenol concentrations in sewage sludge 
detected in different countries. The number within parenthesis represents the number of 
sludge samples analyzed. *five composite samples prepared from 110 sewage sludge 
samples from 94 U.S. WWTPs were analyzed in the present study. The dashed line 
represent NP limit in sludge for land use set by European Union (EU). (B) Annual 
estimated sewage sludge load of AP and APEOs compared with their production volume 
in the U.S. in year 2001. The percentage next to the bars represents the amount of 
produced mass that becomes sequestered in sewage sludges. Whisker bars represent 
estimated maxima and minima. 
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Since no effort was taken to capture the leachate from these soils, these half-lives 
represent the net loss of compounds through a combination of abiotic and biotic 
processes including leaching. About 60-70% of the compounds were lost from sludge/soil 
mixtures within 120 days; but residual concentrations persisted some 995 days after 
sewage sludge application. This is in agreement with a previous field study that showed 
residual concentrations of NP and NPEOs in soil 320 days after the last sludge 
application (Marcomini et al., 1989).  
Previous studies have shown a shorter half-life for NP in soil. One study showed a 
half-life of 23 and 16 days, respectively, for NP in sewage sludge-amended soil and 
sewage sludge-amended soil with plants (Brown et al., 2009). The experiment was 
performed under laboratory conditions by mixing 0.5 g of freeze-dried sewage sludge 
with 16 g of air-dry soil (1:32 ratio). Half-lives as short as 3-6 days have been determined 
for NP in sludge-soil mixtures under aerobic conditions (Hesselsøe et al., 2001). One 
study showed that application of low amounts of sewage sludge did not inhibit the 
degradation of NP in soil, but higher application rates (1:1) showed slower degradation 
kinetics. The slow mineralization of NP in heavily amended soil was related to oxygen 
limitation from high biological oxygen demand of sewage sludge and restricted gaseous 
diffusion due to sludge aggregates (Hesselsøe et al., 2001; Topp & Starratt, 2000). The 
longer half-life observed in this study for these surfactants could have resulted from the 
higher application rate of sewage sludge to soil (1:2), temporary oxygen-limited 
conditions after rainfall events and intrinsic properties of the soil and microbial 
community. The half-lives reported in this study should be considered conservative when 
applied to agricultural soils that typically see lower sewage sludge application rates, and 
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best-case scenarios for forests, range land and reclamation sites, where sewage sludge are 
surface applied without mixing (U.S. EPA, 2000).  
 
Figure 2-2. Concentrations and half-life (t1/2) of NP and NPEOs in soil amended with 
sewage sludge over time. Error bars represent minimum and maximum concentration. 
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CONCLUSIONS 
Though alkylphenolic surfactants have been studied in depth and critically 
reviewed in the past two decades, land application of sewage sludge is one 
underappreciated route of exposure to terrestrial biota. Though previous studies suggest 
short half-lives for these endocrine disruptors in soil, the extended half-lives shown in 
this study may prevail in regions with limited oxygen conditions and higher land 
application rates of sewage sludge. This nationwide study of the U.S. arrives some 20 
years after a series of reports on the occurrence of NP and NPEOs in European sewage 
sludges that triggered a ban of these compounds in several products due to toxicity 
concerns. Surfactant levels reported in the present work exceed limits set for European 
countries by over an order of magnitude, suggesting that the U.S. may have to follow suit 
and take regulatory action to protect human health and the environment. 
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TRANSITION 1 
Alkyphenols and their ethoxylates (AP & APEOs) are widely used surfactants in 
detergents, cleaners and other commercial products. Hence after use, they are primarily 
discharged to the sewage system. Though the occurrence and fate of these chemicals have 
been studied over the past two decades, the present study provides the first nationwide 
occurrence data and inventories in municipal sewage sludges for these chemicals. While 
they are not currently regulated by the U.S. EPA in land-applied sewage sludge, the 
average concentrations determined in the previous chapter exceeded the limit of 50 
mg/kg set by the European Union for land applied sludges by an order of magnitude. The 
findings documented in the previous chapter indicate the need for regulation of organic 
compounds in municipal sewage sludge such as these abundant surfactants. However, AP 
& APEOs are non-halogenated compounds and just one class of chemicals out of 
hundreds of other organics that may be present at significant amounts in municipal 
sewage sludge.  
It is a known fact that the addition of halogen atoms to organic compounds 
increases their tendency to partition onto solids. When non-halogenated compounds 
occur at such significant levels in sewage sludge, it is very likely for halogenated 
compounds to accumulate in sewage sludge, too. There are hundreds of organohalogen 
compounds that are HPV chemicals currently in circulation in the human society. This 
fact motivated to conduct the following three chapters that report the nationwide 
occurrence and chemical persistence of two classes of halogenated persistent organic 
pollutants (POPs): perfluorinated chemicals and brominated flame retardants.  
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CHAPTER 3 
NATIONAL INVENTORY OF PERFLUOROALKYL SUBSTANCES IN ARCHIVED 
U.S. SEWAGE SLUDGES FROM THE 2001 EPA NATIONAL SEWAGE SLUDGE 
SURVEY 
ABSTRACT 
Using liquid chromatography tandem mass spectrometry, we determined the first 
nationwide inventories of 13 perfluoroalkyl substances (PFASs) in U.S. sewage sludges 
by analyzing samples collected by the U.S. Environmental Protection Agency in the 2001 
National Sewage Sludge Survey. Perfluorooctane sulfonate [PFOS; 403±127 ng/g dry 
weight (dw)] was the most abundant PFAS detected in municipal sewage sludges (MSS) 
composites representing 32 U.S. states and the District of Columbia, followed by 
perfluorooctanoate [PFOA; 34±22 ng/g dw] and perfluorodecanoate [PFDA; 26±20 ng/g 
dw]. The mean concentration in U.S. MSS for the remaining ten PFASs ranged between 
2 and 21 ng/g dw. Results show that PFOS concentration in MSS does not significantly 
differ in samples collected before and after its phase-out period (2002), suggesting a need 
for alternate regulations. The mean load of ∑PFASs in U.S. MSS was estimated at 2,749-
3,450 kg/year, of which about 1,375-2,070 kg is applied on agricultural land and 467-587 
kg goes to landfills as an alternative disposal route for unwanted MSS. This study 
informs the risk assessment of PFASs by furnishing national inventories of PFASs 
occurrence and environmental release from U.S. MSS. 
INTRODUCTION 
Perfluoroalkyl substances (PFASs) are anthropogenic chemicals that have been 
widely used in commercial products since the 1950s (Kannan, 2011).  Due to their unique 
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properties of repelling both water and oil, PFASs are extensively used in the manufacture 
of surfactants, lubricants, polishes, textile coatings, and fire-retarding foams (Kannan, 
2011). As a result PFASs are released into the environment at significant quantities and 
have been detected in surface water, fish, birds, mammals, and humans worldwide 
(Calafat et al., 2007; Gosetti et al., 2010; Kannan et al., 2004; Martin et al., 2004; 
Taniyasu et al., 2003). Although the production of two major PFASs, perfluorooctane 
sulfonate (PFOS) and perfluorooctanoic acid (PFOA), has been phased out in several 
major U.S. companies, continued environmental contamination of PFASs results from the 
use of precursors such as fluorotelomer alcohols and polyfluoroalkyl phosphates (Houde 
et al., 2011). PFASs are emerging contaminants of increasing interest to the scientific 
community, due to their widespread occurrence in the environment and evidence of 
potential or known adverse human health effects. PFASs have been shown to persist in 
the environment, to bioaccumulate in animals and to occur at significant levels even in 
remote regions like the Arctic (Giesy & Kannan, 2001; Kannan et al., 2001; Kannan et 
al., 2004; Martin et al., 2004). PFOS is the predominant PFAS detected in all wildlife 
species worldwide (Houde et al., 2011). One study reported bioaccumulation of PFOS in 
polar bears at concentrations even greater than polychlorinated biphenyls (PCBs) 
(Kannan et al., 2005). Results from animal studies have associated PFOS and PFOA with 
developmental and reproductive toxicity (Lau et al., 2003; Lau et al., 2006), as well as 
cancer (Biegel et al., 2001). In humans, both PFOS and PFOA are shown to cross the 
placenta readily (Inoue et al., 2004; Kim et al., 2011), and epidemiological studies on 
fetal exposure have associated high levels of PFOS with reduced growth metrics of 
31 
newborns (Apelberg et al., 2007). Additionally, both PFASs have been associated with 
elevated total cholesterol levels in humans (Frisbee et al., 2010).  
PFASs are considered to be highly resistant to biodegradation due to their 
extremely strong carbon-fluorine bonds (Clarke & Smith, 2011). They are not efficiently 
removed in municipal wastewater treatment plants (WWTPs), and the presence of PFASs 
in wastewater effluents and municipal sewage sludges (MSS) is of increasing concern 
(Lindstrom et al., 2011). Concentrations of PFOS and PFOA have been reported of up to 
990 and 241 ng per g of MSS, respectively (Loganathan et al., 2007; Sepulvado et al., 
2011; Sinclair & Kannan, 2006). Studies have also shown that several PFASs increase in 
concentration during the WWTP process train, suggesting the presence of precursor 
compounds that degrade and release persistent perfluorinated carboxylic acids and 
sulfonates (PFCAs and PFSAs) (Schultz et al., 2006; Sinclair & Kannan, 2006). Land 
application of MSS contaminated with PFASs was shown to contaminate soil, 
groundwater, and surface waters (Lindstrom et al., 2011; Sepulvado et al., 2011). Soil 
concentrations of PFOS as high as 483 ng/g were reported at a land reclamation site in 
Illinois after 32 years of consecutive applications of MSS at the rate of 69 Mg MSS ha-1 
yr-1 (Sepulvado et al., 2011). In Decatur, Alabama, about 22% of samples collected from 
surface and well water near fields with a history of PFASs contaminated MSS application 
exceeded the health advisory level of the U.S. Environmental Protection Agency (U.S. 
EPA) of 400 ng/L for PFOA (Lindstrom et al., 2011). Multiple studies have shown that 
PFASs of shorter chain length tend to become mobilized from soil readily to contribute to 
contamination of surface water and groundwater (Lindstrom et al., 2011; Sepulvado et 
al., 2011). The widespread occurrence of PFASs at significant concentrations in the 
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environment necessitates a better understanding of environmental occurrence and 
transport processes in order to inform both human health risk assessments and regulatory 
requirements for these recalcitrant, mobile chemicals.  
The U.S. EPA has performed several national sewage sludge surveys (NSSS) to 
evaluate the need for regulating trace contaminants (U.S. Environmental Protection 
Agency, January 2009). The present study was performed to extend this effort to other 
emerging contaminants that were excluded from past U.S. EPA studies. In a research 
collaboration, unused samples from EPA’s 2001 survey were acquired and are being 
archived in the Biodesign Institute at Arizona State University as part of the U.S. 
National MSS Repository maintained there. The approach of analyzing archived 
composite MSS had been validated previously in studies of pharmaceuticals and personal 
care products (PPCPs) and alkylphenol surfactants performed to evaluate their 
nationwide occurrence in MSS (Chari & Halden, 2012; McClellan & Halden, 2010; 
Venkatesan & Halden, 2013). The present work employed a similar methodology to 
analyze for PFASs to enable risk assessment and to determine baseline concentrations 
and national inventory for these chemicals in treated municipal sludge fit for land 
application.  
MATERIALS AND METHODS 
Sample Description 
MSS samples, originally collected by the EPA from 94 WWTPs in 32 states and 
the District of Columbia as part of the 2001 National Sewage Sludge Survey by U.S. 
EPA, were retrieved from the U.S. National MSS Repository at the Biodesign Institute at 
Arizona State University. Information on sampling locations is available in appendix 
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(Table A5). The facilities were selected by the U.S. EPA to obtain unbiased national 
estimates of chemical contaminants in U.S. sewage sludges that are disposed of primarily 
by land application. The samples were collected between February and March 2001 
according to an established protocol, only from facilities that included secondary 
treatment. All samples were collected in 500 mL glass or polyethylene jars, and to the 
best of our knowledge no teflon containing tools were used during sampling of sludge; 
thus eliminating possible contamination during sampling of sludge samples by PFASs 
(U.S. EPA, 1989). Samples were collected from only processed sewage sludges intended 
for disposal. The MSS composites analyzed in this study constitute a representative 
sample (94 facilities) of the more than 16,000 U.S. WWTPs.  The purpose of EPA’s 
survey was to estimate levels of dioxins, dibenzofurans, and coplanar polychlorinated 
biphenyls in MSS. After completion of 2001 NSSS, the samples were acquired by our 
laboratory and stored in amber glass jars (500 mL) at -20oC for further analysis. Samples 
were stored initially at Johns Hopkins University, and later transferred to Arizona State 
University for long-term maintenance. Of the 94 WWTPs, 89 had single system (either 
aerobic or anaerobic digestion) and five of them had two systems for sludge treatment 
(both aerobic and anaerobic digestion). Samples were collected from each treatment 
systems amounting to a total of 113 MSS samples. Three of these samples were excluded 
from analysis due to broken containers. The rest of the 110 MSS samples were randomly 
grouped into five composite samples, each containing solids from between 21 and 24 
individual samples. Sampling procedure and preparation of composites are described in 
detail elsewhere (McClellan & Halden, 2010). A duplicate of composite sample #1 was 
prepared to serve as a blind duplicate. Composite samples were prepared to establish 
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national baseline levels for these compounds; the validity of the present approach has 
been demonstrated previously (Chari & Halden, 2012; McClellan & Halden, 2010; 
Venkatesan & Halden, 2013).  
Sample Analysis 
MSS composites were analyzed for PFASs by a commercial lab (AXYS 
Analytical Services Ltd., Sydney, British Columbia, Canada) that developed EPA 
Method 1694 for pharmaceuticals and personal care products, and that specializes in the 
analysis of traditional and emerging contaminants. AXYS is a nationally accredited 
commercial lab in Canada and also is accredited by the National Environmental 
Laboratory Accreditation Program (NELAC) in Florida and New Jersey for PFAS 
analysis. The analytical method used had been employed previously in peer-reviewed 
studies on the level of PFASs in various environmental matrices (Kelly et al., 2009; 
Myers et al., 2012). Analyte concentrations were determined using the isotope dilution 
technique for all compounds. About 5 g of homogenized and dried soil or MSS samples 
were spiked with isotope-labeled surrogates and analytes were extracted once with dilute 
acetic acid solution and then twice with a mixture of 0.3% ammonium hydroxide and 
99% methanol solution, each time by shaking the slurries and collecting the supernatants. 
Supernatants were combined and treated with ultra pure carbon powder. The resulting 
solution was diluted with water and cleaned up by solid phase extraction (SPE; Oasis 
WAX, Waters, Milford, MA, USA). The eluate was then spiked with recovery standards 
prior to analysis. Sample extracts were separated by high performance liquid 
chromatography using a reversed-phase column (X terra C18 3.5 µm, 2.1 mm × 100 mm; 
Waters, Milford, MA) as described previously (Kelly et al., 2009; Myers et al., 2012). 
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Analyses were performed using a Micromass Quattro Ultima triple quadrupole tandem 
mass spectrometer (Waters, Milford, MA) in Selected Reaction Monitoring (SRM) mode 
(Table 3-1).  
Table 3-1. PFASs target analytes and their respective detection and quantification 
parameters. 
 
Target Analyte Retention 
Time (min) 
Precursor 
Ion m/z 
Product Ion 
m/z 
Quantified 
Against 
Perfluorobutanoate (PFBA) 5 213 169 13C4-PFBA 
Perfluoropentanoate (PFPeA) 5.8 263 219 13C2-PFHxA 
Perfluorohexanoate (PFHxA) 6.2 313 269 13C2-PFHxA 
Perfluoroheptanoate (PFHpA) 6.6 363 319 13C2-PFHxA 
Perfluorooctanoate (PFOA) 7 413 369 (169)a 13C2-PFOA 
Perfluorononanoate (PFNA) 7.4 463 419 13C5-PFNA 
Perfluorodecanoate (PFDA) 7.9 513 469 13C2-PFDA 
Perfluoroundecanoate (PFUnDA) 8.5 563 519 13C2-PFDA 
Perfluorododecanoate (PFDoDA) 9 613 569 13C2-PFDoA 
Perfluorobutane sulfonate (PFBS) 6.3 299 80 (99)a 18O2-PFHxS 
Perfluorohexane sulphonate (PFHxS) 7.2 399 80 (99/119)a 18O2-PFHxS 
Perfluorooctane sulfonate (PFOS) 8.2 499 80 13C4-PFOS 
Perfluorooctane sulfonamide (PFOSA) 9.9 498 78 13C4-PFOS 
Surrogate Standard  
13C4-PFBA 5.0 217 172 13C2-PFOUEA   
13C2-PFHxA 6.2 315 270 13C2-PFOUEA   
13C2-PFOA 7.0 415 370 13C4-PFOA 
13C5-PFNA 7.4 468 423 13C2-PFOUEA   
13C2-PFDA  7.9 515 470 13C2-PFOUEA   
13C2-PFDoDA   9.0 615 570 13C2-PFOUEA   
18O2-PFHxS  7.2 403 84 (103)a 13C2-PFOUEA   
13C4-PFOS 8.2 503 80 (99)a 13C2-PFOUEA   
Recovery Standard 
13C2-2H-Perfluoro-2-decenoic acid 
(PFOUEA) 
7.3 459 394 - 
13C4-Perfluorooctanoic acid 6.9 417 372 - 
a Alternate transition were used if necessary to avoid interference. 
Quality assurance and quality control procedures included method blanks and 
matrix spikes to evaluate recovery rates in percent. A duplicate sample analysis was 
performed by the lab for each batch with greater than six samples. Positive identification 
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of target analytes, surrogate standard and recovery standards required the compound 
retention time to fall within 0.4 minutes of the predicted retention times from the mean 
determined from the initial calibration. Native compounds with labelled surrogate 
standards had to elute within 0.1 minutes of the associated labelled surrogates. All 
concentrations are reported on a dry weight (dw) basis. Precision between samples and 
duplicates was expressed as relative percent difference (RPD), which was calculated 
using the following expression, 
                                             % =
	
	∗



                                (3-1) 
Where, Csample and Cduplicate are the concentration detected in the original sample and in its 
duplicate, respectively. 
Estimation of Annual Loading of PFASs to Agricultural Soil 
 The annual loading of PFASs in MSS was calculated based on the annual MSS 
production of 5.1-6.4 million metric dry tonnes (5.6-7 million dry U.S. tons) in the U.S. 
(NEBRA, 2007; Jones-Lepp & Stevens, 2007; National Research Council, 2002). 
Annual load in MSS = [Minimum/ maximum concentration detected in composites 
(µg/kg)]*(10-9 kg/µg)*(5.1-6.4× 109 kg of MSS/year)                                                  (3-2) 
The estimated percentage of total MSS use and disposal (50-60% to land application; 
17% to landfills; 20% to incineration) were used to calculate the load of PFASs to the 
various end use components from equation 3-2. 
RESULTS AND DISCUSSION 
Method Performance 
The method detection limits (MDL) for the various PFASs ranged between 0.03 
to 0.14 ng/g dry weight (dw) of MSS. Recoveries from matrix spike experiments for the 
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various analytes ranged between 75 and 110% in MSS (Table 3-2). Analysis precision, 
expressed as relative percent difference (RPD), was within 20% for most of the analytes 
in blinded duplicates for MSS analysis except for PFBA (52%), PFPeA (24%), and PFBS 
(21%). The RPD for non-blinded duplicates of MSS was within 9% for all analytes. No 
laboratory contamination was observed in method blanks.   
Study Limitations 
A large number of MSS samples were combined to form five composites in this 
study in order to reduce the number of samples to be analyzed and still provide with a 
defensible mean baseline concentration for the analytes. However, the mixing of samples 
is not well suited to capture the variation in concentrations of the individual analytes as a 
function of geographic location, treatment processes, population served etc. It is also 
possible for minor contaminants to become diluted during mixing. Hence the reported 
PFASs concentrations and detection frequencies are conservative. While this approach 
cannot determine the variability of concentrations between the large numbers of WWTPs 
studied, it is suitable for identifying major PFASs contaminants and determining their 
average concentrations in U.S. MSS.  Extrapolation of these average concentrations to 
total sewage sludge production in the U.S. carries potential risks. For example, if the 
plants selected by the U.S. EPA are not representative of all plants across the nation, 
estimates for the annual load or each PFAS could be skewed. However, the national 
sewage sludge survey conducted by U.S. EPA is by far the most comprehensive survey 
on U.S. sewage sludges, as it contains 94 samples from 32 U.S. States and the District of 
Columbia.  Given the large number of samples analyzed and their selection by the 
government agency on the basis of providing good representation of the more than 
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16,000 WWTPs in the U.S. nationwide, the obtained estimates are expected to carry only 
a small and acceptable level of uncertainty. The fact that a survey of these compounds 
has never taken place before at this scale in the U.S. or any other country in the world, 
makes the analytical results and loading estimates reported here a valuable contribution to 
the current understanding of the occurrence and fate of PFASs in the built environment of 
the United States. 
Nationwide Occurrence of PFASs in U.S. MSS 
Ten out of thirteen PFASs analyzed were consistently detected in all composite 
MSS samples except for PFBA, PFHpA, and PFBS (Table 3-2). The most abundant 
PFAS in MSS was PFOS, detected at a concentration of 403±127 ng/g dw, followed by 
PFOA (34±22 ng/g dw). The remaining eleven PFASs ranged between 2 and 26 ng/g dw 
(Table 3-2) and the mean total concentration of PFASs (∑PFAS) detected in the five 
composite samples was 539±224 ng/g dw. For comparison purposes, the national 
baseline levels of PFASs detected in this study were plotted with levels reported in other 
studies for sludge samples collected from U.S. WWTPs (Figure 3-1).  It must be noted 
that the concentrations reported in the present study represent samples collected at 94 
WWTPs from across the U.S., whereas previously reported values were limited to 
specific study locations and a maximum of 11 WWTPs. 
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Figure 3-1. Comparison of PFASs concentrations in U.S. sludge reported in other studies 
with levels detected in the present work. Values in parentheses represent the total number 
of wastewater treatment plants sampled for the particular analyte in other studies 
(Sepulvado et al., 2011; Yoo et al., 2009; Loganathan et al., 2007; Sinclair & Kannan, 
2006; Higgins et al., 2005). The p-values indicate lack of statistically significant 
differences between the paired datasets evaluated. 
The levels of PFASs from other studies plotted in Figure 3-1 are for sludge 
samples collected between 2004 and 2007 (except for one in 1998). Whereas, the MSS 
samples analyzed in this study were collected by U.S.EPA between February and March 
2001, which was during the phase out period of PFOS and perfluorooctanesulfonyl 
fluoride (POSF) related products by the 3M Company between 2000 and 2002. PFAS 
emission during manufacturing process has reduced since then in the U.S. (Prevedouros 
et al., 2006) and hence their current concentrations in MSS are expected to be lower. 
However, interestingly the mean concentration of PFASs detected in this study were not 
significantly different (p > 0.05) to concentrations reported in sludge samples collected 
between 2004 and 2007 (except for one collected in 1998) in U.S., years after 3M 
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discontinued its industrial production of PFOS and related compounds.  A similar 
observation was also reported for PFAS levels in human serum samples during the 2003-
2004 NHANES survey (Calafat et al., 2007). The survey reported the prevalence of 
PFASs in more than 98% of the people analyzed even after the phase-out in production 
by 3M. Even though the current producers are committed to reducing emissions of 
PFASs, it is suggested that there still exist other direct and indirect sources of PFASs in 
the U.S. (Calafat et al., 2007).   
Annual Loading of PFASs to U.S. MSS and Agricultural Land 
Based on the estimated MSS production of 5.1-6.4 million metric tonnes (5.6-7 
million U.S. tons) in the year 2001 (NEBRA, 2007; Jones-Lepp & Stevens, 2007; 
National Research Council, 2002), the nationwide annual loading rates to MSS for 
various PFASs were calculated (Table 3-2). The estimated mean loading rate of ∑PFAS 
was 2,749-3,450 kg/year, with the most abundant compound being PFOS with a rate of 
2,052-2,575 kg/year, followed by PFOA and PFDA at 172-215 and 133-167 kg/year, 
respectively. However these loadings are significantly low compared to other major 
contaminants in MSS such as antimicrobials (triclocarban and triclosan) and non-ionic 
surfactants (nonylphenol and their ethoxylates) load determined in previous studies 
(McClellan & Halden, 2010; Venkatesan & Halden, 2013) (Figure 3-2). The higher 
loading for the antimicrobials and surfactants could be due to their high production 
volumes (> 1 million pounds per year) in the U.S. when compared to PFASs, which were 
being phased out during the year in which the samples were collected.   
Based on the estimated percentage of total MSS applied on land (50-60%) 
(NEBRA, 2007; Jones-Lepp & Stevens, 2007; National Research Council, 2002), the 
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mean loading rate of ∑PFAS to agricultural soil was found to be 1,375-2,070 kg/year. A 
significant amount of ∑PFAS (467-587 kg/year) was also estimated to go to landfills as 
an alternative disposal route for unwanted MSS (Table 3-2). As shown in the previous 
section, there is no significant change in PFASs levels in MSS samples collected in the 
year 2001 and years 2004 through 2007. Hence one can expect a similar annual loading 
to soils in the following years, resulting in a net accumulation of these compounds in U.S. 
soils. It must be noted that these numbers are conservative since only a selected number 
of PFASs are included in this study.  
 
Figure 3-2. Comparison of 2001 annual loads of emerging contaminants in U.S. MSS. 
NP- nonylphenol; NPEOs- nonylphenol mono- and di-ethoxylates; TCC- triclocarban; 
TCS - triclosan; ∑PFASs - total perfluoroalkyl substances detected in this study. Error 
bars represent minima and maxima.  
CONCLUSIONS 
The nationwide concentrations of PFASs in U.S. MSS provided in this study 
serves to inform both human exposure risk assessments and regulatory requirements for 
these recalcitrant chemicals. Though there were efforts in phasing out PFOS and related 
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compounds’ production by the year 2002, comparison of concentrations detected in 
samples collected in 2001 (this study) and in years 2004 through 2007 did not differ 
significantly. This suggests that the U.S. may have to follow other European countries 
regulations where PFOS and related compounds were banned from several uses. The 
significant loading to U.S. soils estimated in the present study further increases concern 
about groundwater and surface water contamination as reported in previous studies 
(Lindstrom et al., 2011; Sepulvado et al., 2011). This study further establishes an 
economical and defensible method to obtain national and regional mean concentrations of 
major contaminants in sewage sludge.  
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TRANSITION 2 
Perfluorochemicals are a family of manmade chemicals that have been used for 
decades in several commercial products in which resistance to heat, oil, and water 
staining is required. Due to their widespread use and contamination in the environment, 
these chemicals are being frequently detected in animals and humans even in remote 
locations. The presence of perfluorochemicals in municipal sewage sludges, as shown in 
the previous chapter, provides an alternative route of entry into the environment via 
sewage sludge land application. Hence, it is important to understand the fate of these 
chemicals in sewage sludge-amended soil, particularly in the U.S. since about 50% of the 
produced municipal sewage sludge is reused as a soil amendment. In order to bridge this 
data gap and to estimate the persistence (half-life) of these toxic chemicals in soil 
following sewage sludge application, archived samples from an outdoor mesocosm study 
were analyzed as described in the following chapter.  
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CHAPTER 4 
LOSS AND IN SITU PRODUCTION OF PERFLUOROALKYL CHEMICALS IN 
OUTDOOR SEWAGE SLUDGE-SOIL MESOCOSMS 
ABSTRACT 
An outdoor mesocosm study was conducted in Baltimore, Maryland, to explore 
the fate of thirteen perfluoroalkyl substances (PFASs) over the course of three years in 
sewage sludge/soil mixtures (1:2) exposed to ambient outdoor conditions. Analysis by 
liquid chromatography tandem mass spectrometry showed perfluorooctanoate (PFOA) to 
be the most abundant analyte found early in the soil weathering experiment at 24.1 ng/g 
dry weight (dw), followed by perfluoroundecanoate (PFUnDA) and perfluorodecanoate 
(PFDA) at 18.4 and 17.4 ng/g dw, respectively. Short-chain perfluorinated carboxylates 
(PFCAs; C4-C8) showed observable loss from sewage sludge/soil mixtures, with 
experimentally determined first-order half-lives in soil ranging from 385 to 866 days. 
Perfluorooctane sulfonate (PFOS), perfluorononaoate (PFNA) and PFUnDA levels in 
sewage sludge/soil mixtures remained stable, while other long-chain PFCAs [PFDA, 
perfluorododecanoate (PFDoDA)] and perfluorooctane sulfonamide (PFOSA) levels 
increased over time, presumably due to the breakdown of unidentified precursors 
analogous to that reported previously for wastewater treatment plants. This study informs 
risk assessment initiatives by furnishing data on the environmental persistence of PFASs 
while also constituting the first report on in situ production of long-chained PFASs in 
terrestrial environments. 
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INTRODUCTION 
Perfluoroalkyl substances (PFASs) are widely used in commercial products (as 
surfactants, lubricants, polishes, textile coatings, and fire-retarding foams) due to their 
unique properties of repelling both water and oil (Kannan, 2011). As a result of their 
widespread use and resulting emissions, they have been detected in surface water, fish, 
birds, mammals, and humans worldwide, and even in remote regions like the Arctic 
(Calafat et al., 2007; Giesy & Kannan, 2001; Kannan et al., 2004; Martin et al., 2004; 
Martin et al., 2004; Taniyasu et al., 2003). PFASs persist in the environment and are 
shown to bioaccumulate in animals (Giesy & Kannan, 2001; Kannan et al., 2001; Kannan 
et al., 2004; Kannan et al., 2005; Martin et al., 2004). Perfluorooctane sulfonate (PFOS) 
and perfluorooctanoic acid (PFOA) have been associated with developmental and 
reproductive toxicity (Lau et al., 2003; Lau et al., 2006), as well as cancer (Alexander et 
al., 2003; Biegel et al., 2001). In addition, both of these compounds have been associated 
with reduced growth metrics of newborns and elevated total cholesterol levels in humans 
(Apelberg et al., 2007; Frisbee et al., 2010). In response to these concerns, PFOS and 
related products were phased out in the U.S. between 2000 and 2002, by their major 
global manufacturer (U.S. EPA, 2012b). As part of U.S. Environmental Protection 
Agency’s (U.S. EPA) stewardship program, several companies additionally committed to 
reduce the use and emissions of PFOA in products by 95% in 2010 (U.S. EPA, 2012b). 
However, continued environmental contamination of PFASs results from the use of 
precursors such as fluorotelomer alcohols and polyfluoroalkyl phosphates (Houde et al., 
2011). 
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PFASs are highly resistant to biodegradation and hence are not efficiently 
removed in municipal wastewater treatment plants (WWTPs) (Clarke & Smith, 2011). 
The presence of PFASs in wastewater effluents and municipal sewage sludge (SS) is of 
increasing concern (Lindstrom et al., 2011). Concentrations as high as 990 ng/g of PFOS 
and 241 ng/g of PFOA in processed sewage sludge have been reported previously 
(Loganathan et al., 2007; Sepulvado et al., 2011; Sinclair & Kannan, 2006). Studies have 
also shown the presence of precursor compounds that degrade and release persistent 
perfluorinated carboxylic acids and sulfonates (PFCAs and PFSAs) during wastewater 
treatment, resulting in a net increase of some PFASs concentration (Schultz et al., 2006; 
Sinclair & Kannan, 2006). One route of exposure to these chemicals is via land 
application of SS, which result in the contamination of soil, groundwater, and surface 
waters (Lindstrom et al., 2011; Sepulvado et al., 2011). Soil concentrations of PFOS as 
high as 483 ng/g were reported at a land reclamation site in Illinois after 32 years of 
consecutive applications of SS (Sepulvado et al., 2011). Several studies have shown that 
PFASs of shorter chain length tend to become mobilized from soil readily, that results in 
the contamination of surface water and groundwater (Lindstrom, 2011; Sepulvado et al., 
2011). One study showed about 22% of samples collected from surface and well water 
near fields with a history of PFASs contaminated SS application exceeded the health 
advisory level of the U.S. EPA of 400 ng/L for PFOA (Lindstrom et al., 2011).  
The widespread occurrence of PFASs at significant concentrations in the 
environment necessitates a better understanding of environmental transport processes in 
order to inform both human health risk assessments and regulatory requirements for these 
recalcitrant, mobile chemicals. In the present study, archived samples from outdoor 
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mesocosms were analyzed to investigate the fate over three years of PFASs in 
agricultural soil amended with SS. Mesocosm samples originated from a study conducted 
from 2005 to 2008 in Baltimore, Maryland. The approach of analyzing archived 
composite mesocosm samples has been validated in studies of pharmaceuticals and 
personal care products (PPCPs) and alkylphenol surfactants performed to evaluate their 
fate in SS-amended soils (Venkatesan & Halden, 2013; Walters et al., 2010). 
MATERIALS AND METHODS 
Sample Description and Experimental Set-up 
SS for the mesocosm study were obtained from a full-scale activated sludge 
treatment plant located in the mid-Atlantic region of the U.S. (Back River wastewater 
treatment plant in Baltimore). The plant serves about 1.3 million people and is designed 
to treat 680 million liters per day. The major portion of the raw wastewater is from 
domestic sources with only minor contribution from industry (1.9%). About 75% of U.S. 
wastewaters are treated by systems similar to the Baltimore plant (Halden & Paull, 2005). 
Agricultural soil was obtained from the United States Department of Agriculture -
Agricultural Research Service (USDA-ARS) Beltsville Agricultural Research Center 
(BARC). Sandy clay loam soil was obtained from plots at a depth of 0-20 cm. Larger 
particles like plant debris and rocks were removed before use. The soil consisted of 20% 
clay, 27% silt, 53% sand, organic carbon content of 1.7% and a pH of 5.6. SS and soil 
were mixed at a volumetric ratio of 1:2, which is high compared to the typical land 
application rate of SS (e.g., 1:10 after mixing), but lower than the application rate of pure 
SS in forestry (1:1). This application rate was chosen to enable the potential observation 
of multiple half-lives of SS-borne compounds in soils and to facilitate the detection of 
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degradates of relatively low abundance. SS/soil mixtures and control soils were seeded 
with tomatoes, bell peppers, and green salads in plastic containers made from polyvinyl 
chloride 25 cm in depth, 30 cm in width and 30 - 80 cm in length. The containers were 
exposed to outdoor ambient weather conditions in Baltimore, Maryland without 
providing shelter or artificial irrigation. Mesocosms were seeded one time and left fallow 
after harvesting of crops at the end of the first growing season. Precipitation and 
temperature variation for Baltimore, Maryland during the course of the experiment 
between years 2005 and 2008 is provided elsewhere (Walters et al., 2010). The 3-year 
average monthly precipitation was 91 mm and the 3-year average air temperature was 
14oC. Moisture content of the soils varied between 14.6 and 35.1% from random 
sampling over the course of the experiment. The bottom of the containers was perforated 
to allow drainage of water; no attempts were made to collect the leachate from these 
vessels during long-term incubation. Samples were collected from the top 20 cm using a 
soil coring device, on days 57, 115, 520, 859, and 995 and were archived in the 
Biodesign Institute laboratory at -20oC until the chemical analysis was performed. More 
information on sampling locations, sampling techniques, and experimental setup are 
available in peer-reviewed literature (Venkatesan & Halden, 2013; Walters et al., 2010). 
Sample Analysis 
SS/soil mixtures were analyzed for PFASs by AXYS Analytical Services Ltd. 
(Sydney, British Columbia, Canada). Please refer to section 2.2.2. for analysis 
information and QA/QC. 
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Data Analysis 
First-order and second-order reaction models were used to describe the time 
course of compound loss from outdoor microcosms. The natural log of concentration was 
plotted against time to provide a regression equation for the first-order reaction rate k1 (d-
1) revealed as the slope. The corresponding first-order half-life (t1/2) of the compound was 
estimated using the following equation, 
                                                          t1/2 = ln(2)/k1                                            (4-1) 
The inverse of concentration was plotted against time to provide an equation for 
the second-order reaction rate k2 [(d-1) (ng/g)-1]. The corresponding second-order half-life 
was determined using the following equation, 
                                                               t1/2 = 1/k2C0                                                                              (4-2) 
where C0 (ng/g) is the initial concentration of the analyte detected in the SS/soil mixture 
samples. Values are reported as mean half-lives and the range was obtained from 
minimum and maximum concentration values at various sampling points. For compounds 
with an increasing concentration trend, a first-order or second-order curve was fitted in a 
similar way to report the rate constant of net formation (kf). 
RESULTS AND DISCUSSION 
Method Performance 
The method detection limits (MDL) for the various PFASs ranged between 0.03 
to 0.14 ng/g dry weight (dw) of SS/soil mixture. Recoveries from matrix spike 
experiments for the various analytes ranged between 91 and 125% (Appendix Table A6). 
The two outliers in SS/soil samples were PFOA and PFUnDA, with respective recoveries 
of 114% and 125%. Analysis precision, expressed as relative percent difference (RPD), 
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determined for non-blinded duplicates of samples were all within 12%. No laboratory 
contamination was observed in method blanks.   
Fate of PFASs in SS/soil Mixtures 
SS/soil samples tested positive for 11 out of 13 PFASs analyzed in this study. Two 
PFASs, PFBS and PFHxS were not consistently detected in SS-amended mesocosms. 
Control samples of soil that did not receive SS showed low background levels of five 
PFASs at concentrations between 0.1 and 0.5 ng/g dw of SS/soil mix (PFOA, PFNA, 
PFDA, PFUnA, and PFOS). The rest of the eight PFASs were below detection limit. 
However the detected levels for the five compounds in control soil accounted for only 0.3 
to 3% of their initial levels in SS/soil mix indicating that majority of PFAS levels 
originated from the SS amendment. The most abundant PFAS found early in the soil 
weathering experiment was PFOA at 24.1 ng/g dw on day 57, followed by PFUnDA and 
PFDA at 18.4 and 17.4 ng/g dw, respectively. PFOS was detected at 13.2 ng/g dw, 
whereas concentrations of the remaining seven PFASs ranged between 0.6 and 5.2 ng/g 
dw. Of a total of eleven PFASs detected, only five compounds showed observable loss 
from SS-amended soil over the course of three years (Figure 4-1). First-order and second-
order models were fitted in order to experimentally estimate the compounds’ rate 
constants and half-lives in soil (Appendix Table A7). The first-order loss curve for these 
five compounds suggests mean half-lives of 385, 403, 417, 866 and 686 days, 
respectively, for PFBA, PFPeA, PFHxA, PFHpA, and PFOA. The respective mean half-
lives determined from second-order fit are 107, 88, 120, 577 and 461 days. The term half-
life used here does not imply degradation of PFASs. PFASs are very persistent in the 
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environment and there exist no concluding studies suggesting natural degradation of 
PFASs in the environment (Lindstrom et al., 2011).  
 
Figure 4-1. Concentrations of five PFASs showing observable loss during the course of 
three years in SS/soil mixtures.  A range of half-lives (t1/2) estimated from first-order (fit 
shown in figure) and second-order fitting are reported. Error bars represent minimum and 
maximum concentrations.   
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The loss of these compounds observed in this study most likely may include 
potential leaching, plant uptake, volatilization from soil, or a combination of these. 
Leaching of PFASs from soil has been shown previously (Lindstrom et al., 2011; 
Sepulvado et al., 2011). Whereas, literature on uptake of PFASs by plants is very scarce. 
One recent study showed that about 0.001% of PFOA and 0.004% of PFOS accumulated 
in plants from soil (Stahl et al., 2013).  Additionally, the presence of these compounds in 
remote locations suggests long-range transport of volatile precursors of PFASs, making 
volatilization as one possible route of loss from soil (Prevedouros et al., 2006). It is also 
likely that some of the compounds may be formed during the studied period from 
breakdown of PFASs precursor compounds. Since several mechanisms may be involved 
in the fate of these PFASs, see list above, first-order or second-order fits do not 
effectively represent the loss of these compounds from soil (as shown by their poor R2-
values). These fits were plotted to merely indicate the persistence (half-life) of PFASs in 
SS-amended soils.  
Statistical test (unpaired t-test at 90% confidence interval) was performed for the 
remaining compounds to quantitatively determine whether the compounds featured an 
increase or remained constant over the studied period of time by comparing the initial 
concentrations (day 57 and 115) with the final concentrations (days 859 and 995).  
PFNA, PFUnDA and PFOS showed some scatter throughout the studied period but the 
overall levels remained fairly constant with p>0.1 (Figure 4-2). Interestingly, the rest of 
the three PFASs (PFDA, PFDoDA, and PFOSA) showed an increase in concentration 
over the studied period with p<0.1 (Figure 4-3). First-order mean rate constants for the 
net formation of these compounds were calculated to equal 3.8×10-4, 8.6×10-4, and 
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1.06×10-3 d-1 for, respectively, PFDA, PFDoA, and PFOSA. The respective second-order 
rate constants were 2 × 10-5, 2 × 10-4 and 1.1 × 10-3 (ng/g)-1d-1.These net rates account for 
both increase of PFASs and simultaneous loss from soil. However, a net increase in their 
concentrations suggests that the formation rates of these three PFASs exceeded their 
respective loss rates in soil.  
 
Figure 4-2. Concentrations of three PFASs in SS/soil mixtures over time, that remains 
fairly constant during the studied period of time. Error bars represent minimum and 
maximum concentrations.   
To understand the effect of chain length on the fate of PFCAs in soil, the total 
levels of C4 to C8 PFCA compounds were compared with the total levels of C9 to C12 
PFCAs in SS-amended soil samples (Figure 4-4). Over the course of experiment, a 
decrease was observed in concentration of compounds of lower chain length (≤C8) and an 
increase of those featuring longer chains (>C8 compounds). Loss of C4- to C8-PFCAs 
55 
from soils may be attributable to (i) a higher potential for leaching from soil by these 
compounds, (ii) higher volatilization rate, (iii) plant uptake, or (iv) a combination of 
these. Increased leaching has been observed in previous studies, suggesting higher 
mobility of lower chain length PFCAs. However, higher chain length PFCAs featured 
lower mobility from soil resulting in increased persistence (Lindstrom et al., 2011a; 
Sepulvado et al., 2011; Gellrich et al., 2012). PFCAs featuring a chain length of C9 to C12 
persisted throughout the course of the experiment in the present study as expected and 
shown in previous studies (Figure 4-2 through 4-4).  
In situ Formation of PFASs in Soil 
The increasing trend observed for C10, C12 PFCAs suggests the presence in SS of 
precursor compounds like fluorotelomer alcohols, which are known to degrade into 
persistent PFCAs (Ellis et al., 2004; N. Wang et al., 2005). PFOSA, a known precursor to 
PFOS, levels increased over time and showed a higher rate of formation in soil compared 
to those of PFCAs. The mass flows of C9 and C10 PFCA (PFNA, PFDA) and PFOSA 
previously was shown to increase in WWTPs, suggesting the degradation of uncertain 
polyfluorinated precursor compounds during secondary treatment (Schultz et al., 2006; 
Sinclair & Kannan, 2006). Similar trends were observed for three PFASs (PFDA, 
PFDoA, and PFOSA) in SS/soil mixtures in this study, suggesting that significant 
amounts of precursor compounds also partition onto SS and are transferred to soil via 
land application. Moreover, the steady increase in concentration over a period of three 
years suggest that precursors can act as a long-term source for continuous release of 
PFASs in soil even years after land application of SS. However, the identity of the 
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precursors contributing to the various PFAS was not investigated in this work and 
remains unclear.  
 
Figure 4-3.  In-situ production of three PFASs over time in SS/soil mixtures.  A range of 
rate constants (kf) estimated from first-order and second-order fit are reported. Error bars 
represent minimum and maximum concentrations.   
The variation of ∑PFCA over time (Figure 4-4) shows that the majority of short 
chain length compounds are lost from soil within 100 days of SS application. This ‘loss’ 
may contribute to groundwater and surface water contamination as previously shown 
(Lindstrom et al., 2011). Leachate from the mesocosm study was not collected in this 
study, which hampers pinpointing the mechanism by which the lower-chain length 
PFCAs were lost from the soil.  After 100 days there was a net increase in ∑PFCA 
concentration in soil, potentially from the in situ degradation of precursors to longer 
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chain length PFCAs. It is not clear from this study whether PFCAs of lower chain length 
also are produced in situ, as these compounds may leach immediately from soil. Previous 
studies had shown 6:2 and 8:2 fluorotelomer alcohols to be biodegraded to C4-C8 PFCAs 
in soil (Liu et al., 2007; Liu et al., 2010).. However, the production and accumulation of 
higher chain length PFCAs in soils are reported here for the first time.  
 
Figure 4-4. Variation of short chain-length (C4-C8) and long chain-length (C9-C12) 
perfluorinated carboxylic acids (PFCAs) and total PFCAs (∑PFCAs) in SS-amended soil 
mesocosms over time. Error bars represent minimum and maximum concentrations.   
While the present study reveals new knowledge about the fate of PFASs in soil, it 
also had some limitations. The primary purpose for the mesocosm experiment performed 
in Baltimore, Maryland in 2005-2008 was to understand the fate of PPCPs in SS-
amended soils (Walters et al., 2010; Walters & Halden, 2012). After analysis of PPCPs, 
the remaining samples were stored at -20oC for future analysis. Hence, the number and 
volume of samples for this work were limited and replicate samples were not available 
for each sampling event. Additionally, storage of the samples for extended periods of 
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time prior to analysis may have allowed chemical degradation of labile chemicals 
(specifically PFASs precursors). Therefore, results from the present study are 
conservative with respect to both detection frequency and concentration of monitored 
PFASs.  
CONCLUSIONS 
Perfluorochemicals are known to be highly persistent in the environment; 
however, the current study shows evidence for transformation processes taking place in 
soil to facilitate the in situ production of C9-C12-PFASs progeny from unknown 
precursors. The impact of this transformation process on the overall environmental health 
risks of the sum of all PFASs is presently unknown and deserves further study. The 
mesocosm experiments showed that more than 60% of the initially applied PFAS mass 
persisted in soil over a period of three years. Subsequent land application of SS during 
this period might result in a significant accumulation of long-chain PFASs in U.S. soils, 
thereby increasing opportunities for environmental dispersion of these compounds and 
associated human exposure risks.  
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TRANSITION 3 
As shown in the previous chapter, perfluorochemicals can accumulate in U.S. 
soils from subsequent land application of municipal sewage sludge. Though efforts have 
been taken to restrict the production of PFOS and related compounds, findings reported 
in Chapter 4 showed no significant difference in the occurrence of these chemicals in 
municipal sewage sludges samples collected pre and post phase out. This suggests that 
there exist other precursor compounds that are still in production causing the widespread 
dispersion of these compounds. Another group of organohalogen chemicals that have 
received attention similar to perfluorochemicals are brominated flame retardants (BFRs). 
BFRs are high production volume (HPV) chemicals, i.e., produced in excess of one 
million pounds per year in the U.S. Due to their toxicity and widespread occurrence in 
the environment, two technical grade products have been phased out in the U.S. and 
banned in several other European countries. These chemicals possess very high 
partitioning coefficient and hence are bioaccumulative. As part of the U.S. EPA’s effort 
of identifying potential contaminants in municipal sewage sludge, 11 BFRs 
[polybrominated diphenylethers (PBDEs)] were included in the 2006-7 national sewage 
sludge survey. Though significant levels up to 17,000 µg/kg dw in municipal sewage 
sludge were reported, they are yet to be considered for regulations governing land applied 
of municipal sewage sludge. Moreover, may new BFRs are replacing the phased-out 
technical grades, termed novel BFRs (NBFRs), that possess similar structural properties 
and thus similar toxic effects. This motivated the following work, where 77 chemicals 
including traditional and novel BFRs, were analyzed in nationally representative 
municipal sewage sludge samples.  
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CHAPTER 5 
MASS FLOWS OF BROMINATED FLAME RETARDANTS IN U.S. SEWAGE 
SLUDGES FROM THE EPA NATIONAL SEWAGE SLUDGE SURVEY AND 
CHEMICAL PERSISTENCE IN OUTDOOR SOIL MESOCOSMS 
ABSTRACT 
We determined the mass flows and nationwide inventories of 77 traditional and 
novel brominated flame retardants (BFRs) in sewage sludge samples from the U.S. 
Environmental Protection Agency’s 2001 national sewage sludge survey (NSSS). 
Additionally, analyses were performed on archived samples from a 3-year outdoor 
mesocosm study to determine the chemical persistence of BFRs in sewage sludge-
amended soil. The total polybrominated diphenylether (PBDE) concentration detected in 
sewage sludge composites was 9,400 ±960 µg/kg dry weight, of which deca-BDE 
constituted 57% followed by nona- and penta-BDE at 18 and 13%, respectively. The 
annual mean loading rate of the sum of PBDEs and non-BDE BFRs was estimated at 
47,900–60,100 and 12,900–16,200 kg/year, of which 24,000–36,000 and 6,400–9,700 
kg/year are applied on land, respectively. Mean concentration of PBDEs were higher in 
the 2001 samples compared to levels reported in EPA’s 2006/7 Targeted NSSS, 
reflecting on-going efforts in phasing-out PBDEs in the U.S. In outdoor soil microcosms, 
>99% of the initial BFRs mass in the sewage sludge/soil mixtures (1:2) persisted over the 
monitoring duration of three years. This study informs the risk assessment of BFRs by 
furnishing national inventories of BFR occurrence and environmental release via sewage 
sludge application on land. 
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INTRODUCTION 
Brominated flame retardants (BFRs) are ubiquitous chemicals produced and used 
in large quantities worldwide in commercial and industrial products (Alaee et al., 2003; 
Darnerud, 2003). As a result, significant amounts of these chemicals are released to the 
environment, resulting in exposure and contamination of wildlife and humans (Birnbaum 
& Staskal, 2004; de Wit, 2002). Different groups of BFRs used in commerce include: 
polybrominated diphenylethers and biphenyls (PBDEs and PBBs); 
hexabromocyclododecanes (HBCDs); and tetrabromobisphenol A (TBBP-A) (Alaee et 
al., 2003). All have been shown to persist and accumulate in the environment, even in 
remote regions like the arctic (Birnbaum & Staskal, 2004; Covaci et al., 2003; Darnerud, 
2003; de Wit, 2002; Ikonomou et al., 2002; Law et al., 2006). Furthermore, BFRs can get 
transformed to other toxic substances such as brominated dioxins and furans (Br-D/F) 
(Weber & Kuch, 2003). Following these concerns, the European Union (EU) banned the 
use of penta- and octa-BDE formulations in 2002; whereas in the U.S. these congener 
formulations were voluntarily phased-out by 2004 (Cox & Efthymiou, 2003b; U. S. EPA, 
2013). The use of deca-BDE was banned in electrical and electronic applications within 
the EU in 2008 and is currently being phased-out in the U.S., with all sales expected to 
cease by the end of 2013 (Covaci et al., 2011; U.S. EPA, 2013b). 
With the ban and phase-out of these major BFRs, alternative or ‘novel’ BFRs 
(NBFRs) have increased in usage (Covaci et al., 2011). These include 
decabromodiphenyl ethane (DBDPE), 1,2-bis(2,4,6-tribromophenoxy)ethane (BTBPE), 
hexabromobenzene (HBB),  pentabromoethylbenzene (PBEB) and other formulations. 
NBFRs have also been detected in various environmental matrices, wherein they have 
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been shown to persist and bioaccumulate (Ismail et al., 2009; Qiu et al., 2007; Shi et al., 
2009; Verreault et al., 2007; Wu et al., 2011).  
The fate and occurrence of traditional BFRs in the environment has been studied 
in detail over the past decade and has been critically reviewed (Birnbaum & Staskal, 
2004; Covaci et al., 2003; Covaci et al., 2011; Darnerud, 2003; de Wit, 2002; Law et al., 
2006; Sellström et al., 2005; Shi et al., 2009; Sjödin et al., 2003; Watanabe & Sakai, 
2003). BFRs are hydrophobic and persistent chemicals with a tendency to partition to 
solids (such as sediments and sewage sludge) and persist and accumulate in the 
environment upon release. Concentrations of total PBDEs as high as 2290 µg/kg dry 
weight (dw) of sewage sludge have been reported in U.S. sewage sludges (Hale et al., 
2003). It was also shown that concentrations of PBDEs in sewage sludges from the U.S. 
were substantially higher than those from Europe (Hale et al., 2003). One potential, 
environmental exposure pathway for humans is from land application of processed 
sewage sludge (SS) on agricultural soil. One study showed significant persistence of 
PBDEs in Swedish farm soil 20 years after the last use of PBDEs (Sellström et al., 2005). 
In the U.S., more than 50% of the produced sewage sludges are applied on agricultural 
land, which motivated the present work to determine BFRs loadings and trends in U.S. 
sewage sludges on a nationwide scale.  
The U.S. Environmental Protection Agency (U.S. EPA) has performed several 
national sewage sludge surveys to evaluate the need for regulating trace contaminants, 
thereby leading international efforts for a comprehensive survey on contaminant 
occurrence in these abundant, unwanted materials (U.S. EPA, 2009). As part of the 
2006/7 Targeted National Sewage Sludge Survey (TNSSS), the U.S. EPA reported 
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concentrations of 11 PBDEs in processed sewage sludge sampled from 74 U.S. 
wastewater treatment plants (WWTPs). In the present study, the unused samples from the 
EPA’s 2001 survey were analyzed for 77 traditional and novel BFRs (NBFRs) and were 
compared to levels detected in the 2006-07 survey. This was performed in order to 
understand the occurrence trends and mass flows of BFRs in U.S. sewage sludges on a 
national scale. Additionally, archived samples of outdoor mesocosms were analyzed to 
investigate the persistence of BFRs over three years in agricultural soil amended with 
sewage sludge. Mesocosm samples originated from a study conducted from 2005 to 2008 
in Baltimore, Maryland. The approach of analyzing archived sewage sludge composites 
and mesocosm samples has been validated previously in studies of other emerging 
contaminants performed to evaluate their nationwide occurrence in sewage sludges and 
fate in sewage sludge-amended soils (Chari & Halden, 2012; McClellan & Halden, 2010; 
Venkatesan & Halden, 2013; Walters et al., 2010). The present work employed a similar 
methodology to analyze for BFRs with the goal of providing: (i) the national inventory 
and occurrence trends of these compounds in U.S. sewage sludges; (ii) estimates of 
national loading of BFRs to soils as a result of sewage sludge land application; and (iii) 
the environmental persistence of BFRs in soils amended with sewage sludges. 
METHODS 
SS Composites and Soil/SS Time-Series Samples 
Please refer to Sections 3.2.1 and 4.2.1. for sample information and preparation. 
Sample Analysis 
The samples were analyzed in collaboration with the commercial laboratory 
(AXYS Analytical Services Ltd., Sydney, British Columbia, Canada) that had developed 
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EPA Method 1694 for pharmaceuticals and personal care products (PPCPs), and that 
specializes in the analysis of traditional and emerging contaminants. AXYS is a 
nationally accredited commercial lab in Canada and also is accredited by the National 
Environmental Laboratory Accreditation Program (NELAC) in Florida and New Jersey. 
All concentrations are reported on a dry weight (dw) basis. Analytes were extracted and 
analyzed for BFRs as described hereafter.  
Polybrominated Diphenyl Ether (PBDE) Analysis. A selected suite of PBDEs 
(40 congeners) were analyzed according to the protocol described in EPA method 1614 
with minor modifications. Samples (SS composites and SS/soil mixtures) were spiked 
with isotopically labeled BDE surrogate standards and dried by mixing with sodium 
sulfate. The dried solids were extracted with dichloromethane using a Soxhlet extraction 
apparatus, spiked with a surrogate standard, and cleaned up on a series of 
chromatographic columns that included layered acid/base silica, Florisil and alumina 
columns. Final extracts then were spiked with isotopically labeled internal standards prior 
to instrumental analysis. Analysis of BDE was performed using a capillary gas 
chromatograph coupled to a high resolution mass spectrometer (HRMS). A DB-5HT 
capillary column (30 m, 0.25 mm i.d. x 0.1 µm film thickness) was coupled to the MS 
source. Two masses from the molecular ion cluster were used to monitor each of the 
target analytes (Appendix Table A8). Four additional non-BDE BFRs were analyzed by 
the same method by introducing additional native, labeled surrogates, and calibration 
standard solutions.  
Polybrominated biphenyl (PBB) analysis. PBB concentrations were determined 
in a mega composite sample created by blending of the five SS composites. About 1 g 
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(dry) of the sample was spiked with 13C-labeled polychlorinated biphenyl (PCB) 
congeners to enable quantification standards and Soxhlet-extracted with 
dichloromethane. Extracts were cleaned up using acid/base silica, Florisil and Alumina 
chromatography columns. Purified extracts were concentrated and spiked with recovery 
standards prior to analysis by high resolution gas chromatography/high resolution mass 
spectrometry (HRGC/HRMS) (Appendix Table A9). The final extract volume was 20 µL 
of 1 µL was injected into the instrument. 
Hexabromocyclododecane (HBCD).About 1.5 g (dry) sample (mega-composite 
SS) was spiked with 13C-labelled surrogate standards and Soxhlet-extracted with 
dichloromethane. Extracts were cleaned up using Florisil columns. Purified extracts were 
concentrated and spiked with recovery standards prior to analysis by high performance 
liquid chromatography/mass spectrometry (HPLC/MS-MS) (Appendix Table A10). 
Quality Assurance 
Analysis batches consisted of a maximum of 20 samples, one procedural blank 
and one spiked matrix sample for ongoing precision and recovery determination. A 
duplicate was analyzed for every analysis batch that had to agree to within ±20% of prior 
measurements on identical samples. All reported data met the established acceptance 
criteria for PBDE analysis (Appendix Table A11). Ion ratios had to fall within ±15% of 
the theoretical values for positive identification of all target analytes. The minimum 
signal-to-noise ratio was 10:1. In addition to these standard procedures, a blind duplicate 
was included for the composite SS analysis to evaluate analysis precision. To evaluate 
analysis precision, a blind duplicate was included in the sample set. Precision between 
samples and duplicates was expressed as relative percent difference (RPD). 
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Modeling Annual Load of Chemicals in SS 
Please refer to section 3.2.3. 
Statistical Analysis.  
In order to determine the interrelations in the analytical dataset of detected BFRs 
and various physicochemical properties of the analytes, a principal component analysis 
(PCA) was performed using version 19 of the IBM SPSS software package (IBM, 
Armonk, New York, U.S.).  
RESULTS AND DISCUSSION 
Method Performance 
Method detection limits (MDLs) for PBDEs ranged between 0.009 and 2.47 
µg/kg dw (Table 5-1). MDL for PBBs, HBCD, and other non-BDE BFRs ranged between 
0.0002 and 4 µg/kg dw. Recoveries from matrix spike experiments for the various 
analytes ranged between 88 and 134% in sewage sludge, and from 69 to 155% in SS/soil 
mixture (Appendix Table A12). Due to the effects of extremely high levels of native 
BDE-209 in SS and SS/soil mixture samples, the labeled analog (13C- BDE-209) was not 
quantifiable. Hence the reported concentrations of BDE-209 are not recovery corrected, 
and thus represent conservative estimates. Trace amounts of BDE-203, 206, 207, 208 and 
209 (0.007 to 0.5 µg/kg dw) were observed in the lab blank. As concentrations of these 
analytes in all SS and soil samples were greater by more than four orders of magnitude 
than those in lab blank, sample data were not impacted by the variances (Appendix Table 
A13). Analysis precision, expressed as RPD, for non-blinded duplicates of SS and SS/soil 
mixtures ranged from 0.3 to 26% and 5 to 36%, respectively (Table 5-1 and Appendix 
Table A12). RPD for non-blinded duplicates of SS averaged at 39% (varying from 5 to 
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107%). The observed notable variance in PBDE concentrations could be as a result of 
either the extremely high concentrations of PBDEs (especially BDE-209) detected in SS 
that might have interfered with quantification, and/or the non-homogeneity of the sewage 
sludge samples analyzed. High RPDs (average of 42%) have been observed previously in 
PBDE analysis of sewage sludge samples from the 2006/7 EPA TNSSS (U.S. EPA, 
2009). This limitation is considered minor, as the analytes featuring high RPD values, 
specifically BDE-100 (85%), BDE-153 (101%) and BDE-154 (107%), contributed only 
1.6% of the total loading of PBDEs in SS; hence, overall mass estimates were not 
impacted by these atypical variances. 
PBDEs in U.S. SS 
A total of 32 PBDEs were detected in the SS composites, of which 94% of the 
PBDEs were consistently detected in all the samples analyzed (Table 5-1). BDE-209 was 
the most abundant PBDE with a mean concentration of 5360 ± 5163 µg/kg dw, followed 
by BDE-99 and BDE-47 at 1005 ± 448 and 789 ± 318 µg/kg dw respectively. Mean 
concentration of the remaining 29 PBDEs varied between 0.06 and 663 µg/kg dw. The 
total PBDE concentration detected in the SS composites was 9388 ± 7778 µg/kg, of 
which deca-BDE constitutes 57% followed by nona- and penta-BDE at 18 and 13%, 
respectively. In 2001, total market demand for PBDEs in the Americas comprised of 74% 
technical deca-BDE followed by penta-BDE and octa-BDE at 11 and 6%, respectively 
(ATSDR, 2004). The relative abundance of the various congeners detected in nationally 
representative sewage sludge samples mimicked the production volume of PBDEs. BDE-
209, 47 and 99 were shown to be the major congeners that constitute deca- and penta-
68 
BDE-based technical products (La Guardia et al., 2006); as a result, these were detected 
as the most abundant PBDEs in the SS composites.  
The samples analyzed in the present study were collected in 2001 prior to the 
phase-out of major congeners of PBDEs in the U.S. In contrast, the samples analyzed for 
the EPA’s TNSSS were collected between August 2006 and March 2007, years after the 
voluntary phase-out of penta- and octa-BDE formulations (2004) in the U.S. This enabled 
a comparison of concentrations of 11 PBDEs reported in TNSSS to their respective 
occurrence levels in this work using samples collected in 2001 (Figure 5-1). Though the 
concentrations are not significantly different, the mean concentrations of most of the 
PBDEs (10 out of 11), including the major congeners in the technical grade penta-BDE 
products (BDE-47, 99, 100) were higher in 2001 than those reported for the 2006/7 
samples. The total mean concentration of the 11 studied PBDEs accounted for 7,600 and 
4,080 µg/kg dw in 2001 and 2006-07 samples, respectively. Interestingly, though deca-
BDE production is only currently being phased-out in the U.S., the mean concentration of 
BDE-209 is about 57% lower in the 2006/7 samples compared to the 2001 samples. 
Similar downward trends of ∑PBDEs in U.S. sewage sludge have been reported for 
samples collected between 2006 and 2010, indicating the desirable impact of ongoing 
efforts in phasing-out PBDEs in the U.S. (Davis et al., 2012).  
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Figure 5-1. Comparison of BFR levels in U.S. sewage sludges from EPA National 
Sewage Sludge Surveys conducted in 2001 and 2006/7. Percentage values within 
parenthesis represent increases (+) or decreases (-) in mean concentrations from 2001 to 
2006/7. The y-axis scale for BDE-99, BDE-100, and BDE-209 is in thousands. 
Non-BDE BFRs in U.S. SS 
Out of the 28 non-BDE BFRs (21 PBBs, 3 HBCD and 4 NBFRs) analyzed, 9 
chemicals (2 PBBs, 3 HBCD and 4 NBFRs) were detected in SS. The production volume 
of PBBs and HBCD were much lower compared to PBDEs during sample collection 
(2001) (ATSDR, 2004; U.S. EPA, 2010b). Hence, PBBs and HBCD were analyzed only 
in a mega-composite SS sample (mixture of solids from the five composites originally 
prepared) to be economical with the available samples while still enabling a baseline 
estimate of their abundance in U.S. SS. BTBPE was the most abundant non-BDE BFR 
detected at a mean concentration of 1,960 ± 3,970 µg/kg dw, followed by DBDPE and 
PBB-153 at 480±830 and 49.1 µg/kg dw, respectively (Table 5-1). PBEB, HBB and total 
HBCD (α, β, γ) were detected at 1.6±0.7, 0.5±0.4 and 19.8 µg/kg dw, respectively. PBBs 
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are no longer produced or used in the U.S. and hence their low detection in the present 
study may result from chemicals or products still lingering in the environment (ATSDR, 
2004). One study reported levels of total HBCD in U.S. sewage sludge samples collected 
between 2002 and 2008 that was several orders of magnitude higher than the levels 
reported in the present study (2001 samples). The higher levels in the study preceding 
this work were attributed to an auto-manufacturing plant discharging to the WWTP 
sampled (La Guardia et al., 2010). Currently, the U.S. EPA is working towards finding 
alternatives for HBCD, due to its various potential concerns (U.S. EPA, 2010b). 
Data on occurrence levels of NBFRs in U.S. sewage sludge samples are still 
scarce. The use of NBFRs are expected to increase due to the banning and phase-out of 
traditional BFRs (especially PBDEs). Conversely, the limited data on BTBPE, DBDPE 
and HBB suggest a decreasing trend in sewage sludge samples collected between 2002 
and 2010 from five U.S. WWTPs (Davis et al., 2012; La Guardia et al., 2010). One study 
associated the decreasing trend with the relocation of an auto-manufacturing plant that 
contributed waste to the sampled WWTP (La Guardia et al., 2010). Levels of BTBPE 
(4816 µg/kg dw in 2002 and 1687.5 µg/kg dw in 2005) and DBDPE (2856 µg/kg dw in 
2002 and 1840 µg/kg dw in 2005) reported in the latter study (La Guardia et al., 2010) is 
within the range of concentrations reported in the present study for nationally 
representative samples collected in 2001. The average concentration of the four NBFRs 
screened in this study (2450 µg/kg dw) were similar to the total concentration of major 
congeners in the penta- and octa-BDE formulations (2,200 µg/kg dw). These significant 
concentrations of NBFRs observed in 2001 samples shows that they were manufactured 
and used prior to the phase-out of PBDEs, and that levels has increased since.  
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Annual Loading of BFRs to U.S. SS and Agricultural Land 
The annual mean loading rate of total PBDEs and non-BDE BFRs in 2001 SS 
were estimated at 47,900–60,100 and 12,900–16,200 kg/year, respectively, using 
Equation 2 (Table 5-1). The most abundant compound was BDE-209 at 27,300–34,300 
kg/year, followed by BTBPE and BDE-99 at 10,000-12,600 and 5,100–6,500 kg/year, 
respectively. Based on the estimated percentage of total sewage sludges applied on land 
(50-60%) (NEBRA, 2007; Jones-Lepp & Stevens, 2007; National Research Council, 
2002), the mean loading rate of total PBDEs and non-BDE BFRs to agricultural soil were 
estimated  here to be 24,000–36,000 and 6,400–9,700 kg/year, respectively. This 
significant load of BFRs is applied selectively to less than one percent of the nation's 
agricultural land (U.S. EPA, 2012c). A significant amount of BFRs were also estimated 
to go to incinerators (∑PBDEs: 9,600–12,000 kg/year; non-BDE BFRs: 2,600–3,200 
kg/year) and landfills (∑PBDEs: 8,100–10,200 kg/year; non-BDE BFRs: 2,200–2,700 
kg/year) as an alternative disposal route for unwanted sewage sludge (Table 5-1). The 
presence of BFRs in sewage sludge poses an additional concern due to the potential 
formation of brominated dioxins and furans (Br-D/F) in incinerators (Dumler et al., 1989; 
North, 2004). One study reported a total Br-D/F concentration of 1,803 µg/m3 in stack 
emissions from sewage sludge incinerators (North, 2004). BFRs have also been detected 
in leachate from landfills (Odusanya et al., 2009; Osako et al., 2004). The significant load 
of BFRs in SS and the associated concerns suggests the need to regulate these chemicals 
in SS.  
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Persistence of BFRs in SS/Soil Mesocosms 
Out of the 40 PBDEs and four NBFRs analyzed, 32 PBDEs and three NBFRs 
were detected in the SS/soil mixtures. It must be noted that the SS samples for the 
mesocosm experiment originated from the Back River wastewater treatment plant in 
Baltimore, and thus are different from the composites analyzed previously to determine 
the mass flows of BFRs in U.S. SS. Control samples of soil that did not receive sewage 
sludge showed background levels of 12 PBDEs (BDE-15, 47, 49, 66, 99, 100, 183, 203, 
206, 207, 208, and 209) at levels ranging from 0.0007 to 13.8 ng/g of dry soil. However, 
these background levels represent only 0.02 – 1.4% of the initial levels of the respective 
BFRs detected in the SS/soil mixtures, indicating that the majority of BFRs levels in 
mesocosms originated from SS amendment. The most abundant BFRs was BDE-209 
detected at a level of 17,100 µg/kg dw of SS/soil mixture, followed by BDE-206 and 
BDE-207 at 4,350 and 3,330 µg/kg dw of SS/soil mixture, respectively. The initial 
concentration of BDE-209 is more than an order of magnitude higher in the mesocosm 
sample compared to the mean national baseline level detected in the 2001 composite SS 
sample (5360 ± 5163 µg/kg dw). The SS for the mesocosm study was collected in 2005, a 
year after the phase-out of penta- and octa-BDE formulations and when the flame 
retardant market dominated by deca-BDE products. This could be the reason why BDE-
209 was higher in the mesocosm study, while BDE-47, 99 and 100 were lower in the 
mesocosm study compared to the 2001 SS samples (67, 60, and 18 µg/kg dw in 
mesocosms compared to 789 ± 318, 1005 ± 448 and 1790 ± 62 µg/kg dw in SS 
composites, respectively).  
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Out of the 35 BFRs detected in the mesocosms, only ten compounds featured a 
loss from soil during the course of three years (Table A10; Figure A1). These include 
four di-BDE, four tri-BDE, and two tetra-BDE congeners. The estimated first-order half-
lives for these compounds ranged between 224 and >990 days in the SS/soil mesocosms 
(Table A10; Figure A1). However, these ten PBDEs contributed only 0.3% of the total 
∑BFRs load in the SS/soil mixtures at the beginning of the experiment. The remaining 25 
BFRs persisted throughout the course of three years. Figure 5-2 shows the concentrations 
over time of NBFRs and various congeners of PBDEs (grouped together according to the 
degree of bromination) in SS/soil mixtures. Compounds featuring lower degree of 
bromination (di- , tri- and tetra-BDEs) feature a loss from soil, while higher brominated 
compounds (penta- through deca-BDE) persisted throughout the course of the 
experiment. The four studied NBFRs also persisted over a period of three years in the 
mesocosm. Similar observation were reported in studies conducted in Spain and Sweden, 
where they showed persistence of PBDEs in soil even after four and 20 years after the 
last application of sewage sludge, respectively (Eljarrat et al., 2008; Sellström et al., 
2005).  
The term half-life used above represents the overall loss of chemical from soil 
that may include various loss mechanisms like degradation, volatilization, leaching, plant 
uptake and so on. Photolysis of higher brominated PBDEs by UV-light and sunlight have 
been observed in the past with formation of lower brominated congeners through 
sequential debromination (Hua et al., 2003; Söderström et al., 2004). Microbial 
debromination of deca- and octa-BDEs have also been observed under anaerobic 
conditions (He et al., 2006; Lee & He, 2010). PBDEs have low mobility and generally 
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are considered non-leachable from soils; however, trace amounts of these chemicals have 
been detected in leachate tests under laboratory conditions (Y. Kim et al., 2006; Litz, 
2002). Plant uptake of PBDEs has also been observed from contaminated soils, 
suggesting potential human exposure risks (Huang et al., 2009; Huang et al., 2011; 
Mueller et al., 2006). Leachate and plants samples from the mesocosm study were not 
analyzed, which hampers pinpointing the mechanism by which the lower brominated 
PBDEs were lost from the soil.   
 
Figure 5-2. Concentrations of BFRs over time in soil amended with sewage sludge. 
Congeners of PBDEs are grouped together according to the degree of bromination. The 
number within parenthesis represents the number of congeners in that group. The 
estimated half-life of the congeners is provided for compounds featuring a loss from soil. 
The y-axis scale of nona-BDE, deca-BDE, HBB, and BTBPE is in thousands. Error bars 
represent minimum and maximum concentrations. 
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To obtain a perspective on the interrelations in the analytical dataset, a PCA was 
performed in clustering mode based on the analyte concentrations in SS/soil time series 
samples and their respective physical/chemical properties (octanol-water partition 
coefficient, solubility, molecular weight, and vapor pressure)  (Figure 5-3; Appendix 
Table A14).  
 
Figure 5-3. Principal component analysis of BFR concentration in SS/soil time series 
samples and their physical/chemical properties (octanol-water partition coefficient, 
solubility, molecular weight, and vapor pressure).  Congeners of PBDEs are grouped 
together according to the degree of bromination (Br2 – dibrominated BDE through Br10 
– decabrominated BDE). The highlighted circles represent the cluster of compounds that 
correlate with each other.  
The first two principal components explained the highest amount of variance in 
the dataset and when combined accounted for 97% of the total observed variability. The 
PCA plot reveals that major congeners of technical deca-BDE products cluster together, 
suggesting a correlation in their occurrence and fate in soil. Similarly, major congeners of 
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technical penta- and octa-BDE formulations cluster together. Interestingly, all minor 
congeners of commercial penta- and octa-BDE formulations group together in the PCA 
plot. The observed correlation for these minor congeners could be as a result of their trace 
levels in commercial products and/or their formation as debromination products from 
higher brominated BDE congeners. In case of NBFRs, the occurrence and fate of BTBPE 
and HBB in SS/soil mixtures correlate with each other.  
CONCLUSIONS 
BFRs are widespread in the environment and contribute a significant fraction to 
the annual loading of emerging contaminants contained in U.S. MSS as shown in the 
present work. Subsequent land application of SS during this period might result in a 
significant accumulation of BFRs in U.S. soils, thereby increasing opportunities for 
environmental dispersion of these compounds and associated human exposure risks. 
Mesocosm experiments showed BFRs to persist in soil for years with little attenuation 
observable (<1% in 3 years). Though PBDEs are being phased-out in the U.S., the 
replacement chemicals (NBFRs) have similar structural properties. As these substitutes 
share undesirable properties of traditional BFRs, such as environmental persistence and 
accumulation potential, they similarly may require regulations to protect human health 
and the environment.  
 
 
 
 
 
79 
TRANSITION 4 
Chapters 3 through 5 reported the accumulation of persistent CECs in municipal 
sewage sludge resulting from the use of industrial and commercial products. The route 
through which these chemicals enter the sewage system is in most part identified and the 
exposure to humans is from direct contact from the products containing these chemicals. 
These chemicals represent a significant fraction of the load of problematic chemicals 
contained in U.S. municipal sewage sludge. However, degradation and transformation 
products from various industrial chemicals may also accumulate in municipal sewage 
sludge. In many cases, the sources or precursor chemicals for their occurrence in 
wastewater systems are yet to be identified. A typical example is the occurrence of 
dioxins and dioxin-like products in municipal sewage sludge reported in the 2001 EPA’s 
national sewage sludge survey. A similar emerging concern is the occurrence of 
carcinogenic nitrosamines in water and wastewater systems. The precursors and the 
pathway of their formation in wastewater systems are not clear. To date there exist only 
three studies having reported the occurrence of nitrosamines in sludge systems. To begin 
to address this knowledge gap and generate some of the first data on the occurrence 
frequency of a suite of nitrosamines, a method was developed using LC-MS/MS to 
analyze municipal sewage sludge samples collected from 74 WWTPs from 35 U.S. 
states.   
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CHAPTER 6 
DETECTION AND OCCURRENCE OF N-NITROSAMINES IN ARCHIVED 
SEWAGE SLUDGES FROM THE 2006-7 U.S. EPA’S TARGETED NATIONAL 
SEWAGE SLUDGE SURVEY 
ABSTRACT 
The occurrence of eight potent carcinogenic N-nitrosamines in municipal sewage 
sludges (MSS) from 74 wastewater treatment plants (WWTP) in the contiguous United 
States was investigated. Using liquid chromatography-tandem mass spectrometry, seven 
nitrosamines [(N-nitrosodimethylamine (NDMA), N-nitrosomethylethylamine, N-
nitrosodi-n-propylamine (NDPA), N-nitrosopyrrolidine, N-nitrosopiperidine (NPIP) and 
N-nitrosodiphenylamine (NDPhA)] were detected with varying detection frequency (DF) 
in 88% of the MSS samples (n=80), with five of the seven being reported here for the 
first time in this matrix. While rarely detected (DF 3%), NDMA was the most abundant 
compound at an average concentration of 150±137 ng/g wet weight (ww) of MSS. The 
most frequently detected nitrosamine was NDPhA (4.5±14 ng/g ww) with a DF of 79%, 
followed by NDPA (44±67 ng/g ww) and NPIP (78±85 ng/g ww) at 21% and 11%, 
respectively. The DF of nitrosamines in MSS increased with the partition coefficient of 
the compound (R2 = 0.58). Total nitrosamines concentrations in MSS were significantly 
higher in samples collected from WWTPs with treatment capacities of >380 million liters 
per day compared to facilities with lower treatment flows (p<0.05). The total 
concentration of nitrosamines also increased with increasing solid content of MSS, 
suggesting the likely formation of nitrosamines during the dewatering process of sewage 
sludge potentially from the addition of polymers containing nitrosamine precursors 
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and/or that sorption could be a driver in the fate of nitrosamines. Given their frequent 
occurrence in nationally representative samples and the amount of U.S. MSS being 
applied on land as soil amendment, more research is needed to study the fate of 
nitrosamines in MSS and MSS-amended soil in the context of crop and drinking water 
safety.  
INTRODUCTION 
Nitrosamines are probable human carcinogens frequently detected in U.S. water 
resources (Krasner et al., 2013; Mitch et al., 2003). Nitrosamines can originate as 
disinfectant byproducts formed during the chlorination or chloramination of drinking 
water and wastewater (Mitch & Sedlak, 2002; Pehlivanoglu-Mantas et al., 2006; Zhao, 
Boyd, Woodbeck, Andrews et al., 2008a). Though efforts have been taken to curtail the 
industrial applications of nitrosamines, they are formed unintentionally from various 
industrial processes, such as during rubber manufacturing and processing, leather 
tanning, metal casing, and food processing (Ducos et al., 1988; Krauss, Longrée, 
Dorusch, Ort, & Hollender, 2009a). Residential sources have also been shown to 
contribute to the nitrosamine load in wastewater (Krauss, Longrée, Dorusch, Ort, & 
Hollender, 2009a; Sedlak et al., 2005). Currently, five nitrosamines are included in the 
Contaminant Candidate List 3 (CCL 3) by the U.S. Environmental Protection Agency 
(U.S. EPA): N-nitrosodimethylamine (NDMA), N-nitrosodiethylamine (NDEA), N-
nitroso-di-n-propylamine (NDPA), N-nitrosodiphenylamine (NDPhA), and N-
nitrosopyrrolidine (NPYR) (U.S. EPA, 2012d). Much of the research conducted to date 
has focused on NDMA for which the U.S. EPA has esta
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ng/L in groundwater based on a 1 in 10-6 lifetime excess cancer risk from drinking water 
consumption (U.S. EPA, 2012e).  
Studies reporting on the occurrence and fate of nitrosamines in wastewater 
treatment plants (WWTPs) remain scarce. Other than industrial and residential sources, 
nitrosamines can be additionally formed during wastewater treatment; for example, use of 
secondary/tertiary-amine based cationic polymers in sludge systems is known to 
contribute to the concentration of nitrosamine precursors (Mitch & Sedlak, 2004). The 
aqueous phase removal efficiency of nitrosamines in activated sludge treatment systems 
was shown to be greater than 60% [except for N-nitrosomorpholine (NMOR) ~40%], and 
lower if the primary effluent concentration were below  8–15 ng/L (Krauss et al., 2009a; 
Sedlak et al., 2005). What is more, removal efficiencies can vary significantly between 
WWTPs (0–93%) as well as within the same plant over time (0–75%) (Krauss et al., 
2009a; Sedlak et al., 2005). These variations are suspected to be due to substrate 
competition in the cometabolic degradation of nitrosamines during secondary treatment. 
Overall, the presence of nitrosamines in WWTP effluent is of increasing concern due to 
the contamination of drinking water resources in the downstream human community. One 
study has demonstrated the persistence of NDMA and its precursors in surface waters 
impacted by wastewater, sufficiently long enough to affect the drinking water sources of 
downstream communities (Schreiber & Mitch, 2006). 
Since many of the nitrosamines of interest are hydrophilic and sorption to sewage 
sludge is believed to be negligible, very few studies have investigated the occurrence of 
nitrosamines in sewage sludge. To date the literature shows only three studies on the 
occurrence of selected nitrosamines in U.S. sewage sludges: two of which reported 
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infrequent detection of NDMA [at 0.27 to 93 ng/g dry weight (dw)], NDEA (at 1.7 to 12 
ng/g dw), and NMOR (at 1.3 to 2.9 ng/g dw) in sludge samples collected in 1978 and 
1979 using outdated methods (Brewer et al., 1980; Mumma et al., 1983); and the third 
study, being the only recent report on the occurrence of nitrosamines in sewage sludge, 
detected NDMA (at mean concentration of 271 to 678 ng/L) and NPYR (57 ng/L in one 
sample) in sludges from three WWTPs collected in 2008 (Padhye et al., 2009). However, 
the latter study concentrated on nitrosamines in sludge filtrates; thus, not taking into 
account the fraction of nitrosamines potentially sorbed to the sludge. The number of toxic 
chemicals detected in sewage sludge is steadily increasing (U.S. EPA, 2007; U.S. EPA, 
2009; Venkatesan & Halden, 2013a; Venkatesan & Halden, 2013b). Monitoring of 
sewage sludge is critical in the U.S., since about 50% of the produced municipal sewage 
sludge (MSS) is reused as a soil amendment (U.S. EPA, 2012c). Presence of nitrosamines 
in MSS is an added concern and increases the risk of human exposure to carcinogens. 
The primary goal of this study is to report the nationwide occurrence of eight 
carcinogenic nitrosamines in MSS by analyzing nationally representative samples 
collected by the U.S. EPA during their Targeted National Sewage Sludge Survey 
(TNSSS).  
METHODS AND MATERIALS 
Chemicals 
Analytical standards of nitrosamines [NDMA, N-nitrosomethylethylamine 
(NMEA), NDEA, NDPA, N-nitrosodibutylamine (NDBA), NPYR, N-nitrosopiperidine 
(NPIP), N-nitrosodiphenylamine (NDPhA)], dichloromethane (DCM) (HPLC grade), 
acetonitrile (LC-MS grade), water (HPLC grade), ammonium acetate, and acetic acid 
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were purchased from Sigma-Aldrich (St. Louis, MO). The deuterated isotopes NDMA-d6, 
NDPA-d14 and NDPhA-d6 were purchased from Cambridge Isotope Laboratories 
(Andover, MA).  The deuterated isotope NPIP-d10 was purchased from C/D/N Isotopes 
Inc. (Quebec, Canada).  
MSS Samples 
MSS samples were collected from 74 publicly owned WWTPs that participated in 
the U.S. EPA’s TNSSS. The facilities selected in the survey are statistically 
representative of the target population consisting of WWTPs that: (i) were operational 
during 2002 and/or 2004; (ii) had a flow rate of greater than 3.8 million liters per day 
(MLD) [or 1 million gallons per day (MGD)]; (iii) employed a minimum of secondary 
treatment; and (iv) were located in the contiguous United States. From the 3,337 WWTPs 
that met the above criteria, the U.S. EPA statistically selected 74 facilities using a random 
sampling design stratified for flow [3.8 to 38 MLD (1 to 10 MGD), 38 to 380 MLD (10 
to 100 MGD), and >380 MLD (>100 MGD)] from 35 U.S. states. The combined flows of 
WWTPs with flow rates less than 3.8 MLD accounted for only <6% of the total flow of 
all WWTPs nationwide (U.S. EPA, 2009), and hence their elimination from the survey is 
expected to introduce only minimal error to the nationwide representativeness of the 
samples. 
Grab samples of MSS were collected by U.S. EPA from each facility between 
August 2006 and March 2007 (U.S. EPA, 2009). Four of the facilities had two treatment 
systems for solids; hence a second sample was collected to represent both treatment 
systems. Additionally, a duplicate grab sample was collected from six other facilities to 
allow for variations associated with the sampling procedure. The objective of TNSSS was 
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to report the occurrence of selected contaminants of emerging concern (pharmaceuticals 
and personal care products, brominated flame retardants) as identified by U.S. EPA and 
the National Research Council (NRC), in sewage sludge. After completion of TNSSS, the 
samples were acquired by our laboratory and stored in amber glass jars (500 mL) at -
20oC for further analysis. From the 84 MSS samples, four were excluded from analysis 
because the sample containers were either missing or broken. Additional information on 
the selected facilities is provided as supplementary material (Appendix Table A15).  
Nitrosamine Analysis 
All glassware used in the experiments were baked at 550oC, caps were acid 
washed using 10% HCl and thoroughly rinsed with ultrapure water prior use to prevent 
contamination. About 6 g wet weight (ww) of MSS was weighed in a pre-cleaned amber 
glass (40 mL) vial and spiked with 250 ng each of the deuterated surrogates (NDMA-d6, 
NDPA-d14, NPIP-d10 and NDPhA-d6) to correct for analyte recovery and matrix 
interferences at the MS interface. Nitrosamines were extracted from MSS by adding 2 
mL of DCM per g of MSS and by placing the capped extraction vial horizontally on a 
rotary shaker for 2h at 200 rpm followed by 1 h of sonication extraction.  The sample was 
decanted; the DCM extract was concentrated to near dryness under gentle flow of 
nitrogen gas and reconstituted with 2 mL acetonitrile. The reconstituted sample was 
filtered using 0.2 µm PTFE syringe filter (VWR International, LLC, PA), diluted to 50% 
(v/v) water content, and analyzed using liquid chromatography positive electrospray 
ionization tandem mass spectrometry (LC-ESI-MS/MS).  
Mass spectrometric analyses were carried out on an API 4000 instrument 
(Applied Biosystems, Framingham, MA, USA), coupled to a Shimadzu Prominence 
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HPLC (Shimadzu Scientific Instruments, Inc., Columbia, MD, USA) and controlled by 
Analyst 1.5 software (Applied Biosystems, Framingham, MA, USA). Separation was 
carried out using XBridge BEH C8 Column, (130 Å, 3.5 µm, 4.6 x 150 mm; Waters, 
Milford, USA). The mobile phase consisted of solvent A (10 mM ammonium acetate and 
0.01% acetic acid in water) and solvent B (100% acetonitrile) flowing at a rate of 400 
µL/min with a total runtime of 15 min. The solvent gradient program consisted of 50% of 
solvent B for 1 min, followed by an increase from 50% to 90% over 10 min, holding at 
90% for 3 min, and returning back to 50% of solvent B over 0.1 min, followed by 2 min 
equilibration prior to the next sample injection. The sample injection volume was 100 µL. 
Analytes were introduced into the mass spectrometer using an electrospray ionization 
probe in positive mode. Multiple reaction monitoring (MRM) was used for qualitative 
analysis. Optimized conditions for the ionization and fragmentation of the analytes are 
specified in supplementary table (Appendix Table A16). All concentrations are reported 
on a wet weight (ww) basis.  
Quality Assurance 
Calibration accuracy was verified for each batch using a calibration standard 
solution with labeled and native analytes. Retention times of native and labeled 
compounds in the sample had to be within ±12 seconds (0.2 min) of the respective 
retention time established during the previous calibration. Multiple lab blanks were 
analyzed for each batch to check for laboratory contamination. A duplicate sample was 
analyzed for every five samples in a batch to evaluate analysis precision. Precision 
between samples and duplicates was expressed as relative percentage difference (RPD), 
which was calculated using the following expression: 
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Where, Csample and Cduplicate are the concentration detected in the original sample and in its 
duplicate, respectively. Matrix spikes were performed for selected samples to confirm 
analyte presence in the sample and to evaluate recovery rates for analytes without 
deuterated isotope.  
RESULTS AND DISCUSSION 
Method Performance 
Single MRM transitions were used for both qualitative and quantitative analysis 
of NDMA, NMEA, NDEA and NPYR; whereas two different transitions were used for 
NDPA, NDBA, NPIP and NDPhA for identification and quantification (Figure 6-1; 
Appendix Table A16). Multiple transitions were not used for the former analytes because 
a high background from interferences reduced the sensitivity for secondary transitions. 
Method detection limits (MDLs) for the various nitrosamines ranged from 0.06 to 5.7 
ng/g ww (Table 6-1). In general, detection limits of nitrosamines in the LC-MS/MS 
system improved with increasing mass; the lowest observed for NDPhA (m/z 199) and 
the highest observed for NDMA (m/z 75). Process control samples and blanks showed no 
laboratory contamination. Analyte detection was further confirmed by performing matrix 
spike experiments in selected samples showing positive detects of nitrosamines 
(Appendix Figure A2).  
Relative recoveries for nitrosamines computed with labeled isotopes were 
estimated by spiking native analytes and their respective isotopes (250–500 ng) in sewage 
sludge prior to extraction and subsequently analyzed. The obtained concentration ratios 
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of analyte-to-surrogate were used to calculate relative recoveries. Relative recoveries 
ranged between 90 and 126% for NDMA, NDPA, NPIP and NDPhA. Absolute 
recoveries were obtained using absolute concentrations instead of concentration ratios 
(normalized concentrations). The concentration obtained in spiked sewage sludge (250–
500 ng prior extraction) minus the concentration obtained in the respective non-spiked 
samples, were compared to the concentration obtained from an external standard with the 
same concentration as the spike. Mean absolute recoveries ranged between 32 and 68% 
for the analytes (Table 6-1). Low absolute recoveries observed for nitrosamines could be 
due to the strong matrix interference from MSS samples causing signal suppression. A 
similar loss in absolute recoveries has been observed in previous studies for nitrosamines 
due to matrix interference in wastewater samples (Krauss & Hollender, 2008; Krauss et 
al., 2009b). Higher recoveries in general are achieved in reasonably clean matrix (for e.g., 
drinking water) by employing solid-phase extraction (SPE) techniques (Charrois et al., 
2004; Planas et al., 2008) that are not applicable to extractions from MSS due to high 
solid content in the samples. The concentrations of the nitrosamines without labeled 
isotopes reported in the present study thus may be underestimated due to such low 
recoveries. Analysis precision expressed as RPD was less than 23% (average) for five 
nitrosamines and greater for NDMA (34%) and NDPA (46%). The observed notable 
variance in NDMA and NDPA concentrations could be as a result of the non-
homogeneity of the MSS samples analyzed. High RPDs (average of 42%) have been 
observed previously for organics in sewage sludge samples from the 2006/7 EPA TNSSS 
associated with the complexity of MSS matrix (U.S. EPA, 2009).  
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Table 6-1. Method performance and concentration of N-nitrosamines in U.S. municipal 
sewage sludges (MSS). 
Occurrence of Nitrosamines in U.S. MSS 
Out of the 80 MSS samples analyzed, 70 samples (88%) tested positive for at 
least one nitrosamine. Seven nitrosamines were detected with varying detection 
frequency in the analyzed samples, of which five of them (NMEA, NDPA, NDBA, NPIP, 
and NDPhA) are reported for the first time in MSS (Figure 6-2; Table 6-1). The only 
non-detect analyte was NDEA. The most abundant nitrosamine was NDMA, detected at 
an average concentration of 150±137 ng/g ww, followed by NPIP and NDPA at 78±85 
and 44±67 ng/g ww, respectively. This is in accordance with previous studies, where 
NDMA was shown to be the most abundant nitrosamine in wastewater and sewage 
sludge filtrate samples (Krauss et al., 2009b; Padhye et al., 2009). However, in contrast to 
previous studies, NDMA was detected only in 3% of the MSS samples analyzed. The 
lower frequency of detection of NDMA in MSS could be as a result of (i) its inability to 
partition on to sewage sludge (due to low partitioning coefficient); (ii) degradation of 
NDMA in sludge processing systems (aerobic/anaerobic digestors); (iii) high method 
Compound CAS# Recovery (%)b Method 
Detection 
Limit  
(ng/g ww) 
MSS Concentration (ng/g)  
Avg. (Min, Max)c 
RPD 
(%) 
Detection 
Frequency 
(%) Absolute Relative Wet weight Dry weight 
NDMA 62-75-9 32±12 110±11 5.7 150 (54, 248) 504 (87, 920) 34 3 
NMEAa 10595-95-6 32±7  1.1 11.4 (5.5, 14) 121 (20, 393) 12 5 
NDPA 621-64-7 41±12 100±5 0.6 44 (2.4, 314) 185 (7, 1610) 46±20 21 
NDBAa 924-16-3 38±14  0.1 0.7 (0.2, 1.9) 2.1 (0.3, 3.5) 21±23 9 
NPYRa 930-55-2 51±8  2.3 3.8 6.1 15 1 
NPIP 100-75-4 52±7 100±4 1.1 78 (12, 224) 332 (51, 1185) 15 11 
NDPhA 86-30-6 68±18 90±10 0.06 4.5 (0.1, 91) 12 (0.7, 147) 23±29 79 
aRecovery for these analytes were calculated from matrix spikes due to unavailable isotopes. Concentrations reported for these analytes are not 
recovery corrected. 
 
bRelative recoveries were determined using area ratios of analyte to surrogate standard. Absolute recoveries were obtained using absolute areas 
instead of area ratios. 
 
cDry weight concentrations were calculated using the solids content of the MSS samples. However the present study reports all concentrations on 
ww basis since majority of the studied nitrosamines have low partitioning coefficient and thus the fraction sorbed onto the solids is expected to be 
negligible.  
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detection limit for NDMA in the present method (at 5.7 ng/g ww); or (iv) a combination 
of the above. 
 
Figure 6-1. Structures, MRM transitions [parent ion m/z > product ion m/z] and LC-
MS/MS chromatograms (100 µg/L concentration) of eight N-nitrosamines screened in the 
present study. Number next to the peak represent the retention time of the analyte in 
minutes.  
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It is interesting to note that the lowest detection frequency was observed for 
NDMA (3%) and NPYR (1%) in the present study in contrast to the previous study by 
Padhye et al. (2009), where the authors reported NDMA and NPYR as the only 
nitrosamines detected in sewage sludge filtrates. This suggest that majority of these 
hydrophilic nitrosamines are associated with the aqueous phase flow of the wastewater 
treatment systems. This hypothesis was further supported by a plot between octanol-
water partition coefficient (KOW) and the detection frequency of the various nitrosamines 
in MSS, which revealed an R2-value of 0.58 suggesting an increase in detection of 
nitrosamines with higher partition coefficient (Appendix Figure A3).  
 
Figure 6-2. Box and whisker plot of N-nitrosamines concentrations in MSS samples from 
the EPA’s Targeted National Sewage Sludge Survey (TNSSS). Number within 
parentheses is the number of detects out of the total 80 samples analyzed.   
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The most frequently detected nitrosamine in MSS was NDPhA (79%) with an 
average concentration of 4.5±14 ng/g ww. NDPhA is one of five nitrosamines included in 
the EPA’s CCL3. With the development of new LC-MS/MS methods, only recently 
NDPhA has been detected as a disinfection by-product in drinking water systems (Zhao 
et al., 2006; Zhao et al., 2008b; W. Zhou et al., 2009). Previous studies have suggested 
that the likely precursor for NDPhA was diphenylamine, which is widely used as an 
insecticide, preservative, and as a solid propellent in rocket fuels, that can eventually 
reach WWTPs (Zhao et al., 2008b; Zhou et al., 2012). Similar to NDMA, NDPhA also is 
a probable human carcinogen, but the number of studies focusing on the occurrence and 
fate of NDPhA is scarce. This could be due to the fact that the frequency of NDPhA 
detection in water resources and drinking water systems is lower compared to the widely 
studied NDMA. Additionally, NDPhA has a high partition coefficient (Log KOW of 3.13) 
compared to other nitrosamines that could result in its more frequent occurrence in solid 
matrices like MSS compared to aqueous matrices. NDPA and NPIP are the other two 
nitrosamines that were detected in more than 10% of the MSS samples. The precursors 
and the source for these nitrosamines in WWTPs are yet to be characterized. Piperidine, 
n-propylamine and other aliphatic amines are common intermediate products in the 
pharmaceutical industries (Sacher et al., 1997), and thus industrial sources may contribute 
to their occurrence in wastewaters. Additionally, these amines can be formed from 
degradation of organic matter like proteins, amino acids, and other nitrogen-containing 
organic compounds (Ábalos et al., 1999). Aliphatic, alicyclic and aromatic amines have 
been detected in wastewater (Scully et al., 1988; Ábalos et al., 1999), and may serve as 
potential precursors to the respective nitrosamines in MSS. 
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Variability of Nitrosamines in U.S. MSS 
As seen in Figure 6-2, the variance in nitrosamines occurrence and concentration 
in MSS is high between the studied WWTPs. The concentrations of nitrosamines when 
plotted with respect to the geographic location of the WWTP did not show any trend 
(Appendix Figure A4). However, the mean concentration of total nitrosamines was 
higher in WWTPs located in the West compared to other locations. The samples analyzed 
in the present study (provided by the U.S. EPA) were not linked to specific WWTPs, 
which hampers pinpointing the sources that contributed to these observed variances. 
When the concentrations were plotted with respect to the treatment capacity of WWTPs, 
the total nitrosamine concentration was significantly higher in facilities treating >380 
MLD compared to facilities with lower treatment capacity (Figure 6-3a). This trend was 
particularly significant for NDMA, NPIP and NDPhA (see table below Figure 6-3a). 
Interestingly, the average solids content of the MSS for each of the flow stratum seemed 
to mimic the total concentration of the nitrosamines (Figure 6-3b). A similar observation 
was made in MSS samples collected from four WWTPs with two different treatment 
systems that produced both liquid and solid MSS product (Figure 6-4). Concentration of 
total nitrosamines in MSS with higher solids content were more than an order of 
magnitude higher than those measured in MSS with lower solids content (NDMA in 
WWTP1, NDPA in WWTP2, and NDPhA in all 4 WWTPs). Partitioning ability could 
have facilitated such high concentrations of NDPhA (Log KOW of 3.13) in MSS with 
higher solids content. Unfortunately, we do not have the information on the type of 
treatment systems employed by these WWTPs to perform an in-depth analysis on the 
occurrence of other nitrosmaines (NDMA and NDPA) in the solid by-product. It is a 
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common practice in most WWTPs to use cationic polymers to aid in the process of 
dewatering of sewage sludge. Previous studies have shown that such polymers (typically 
containing secondary or tertiary amine groups) could serve as precursors for nitrosamines 
in wastewater treatment systems (Mitch & Sedlak, 2004; Sedlak et al., 2005).Thus we 
hypothesize that at these facilities the addition of polymers in sludge systems could have 
resulted in the formation of some nitrosamines in the solid MSS product.  
 
Figure 6-3. (a) Concentration of N-nitrosamines with respect to treatment capacity of 
wastewater treatment plants. ‘F’ is the flow in million liters per day. ‘Error bars represent 
+/- one standard deviation. The p-values indicate the statistically significant differences 
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between the first two strata (3.8<F<38 and 38<F<380) with respect to F>380. The table 
below is the respective concentration of individual analyte in ng/g ww. (b) Average 
percent solid content of MSS in the respective flow stratum. ‘n’ is the total number of 
samples analyzed and the percentage is the detection frequency in the respective strata. 
 
Figure 6-4. (a) Comparison of total concentration of nitrosamines in MSS from WWTPs 
featuring two different sludge treatment systems (TS) that produce liquid (TS 1) and solid 
MSS (TS 2) product. (b) The corresponding solids content (%) of the MSS samples from 
the two treatment systems. (c) Breakdown of nitrosamine concentration in MSS from the 
two treatment systems.   
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Study Limitations and Data Gap 
The archived MSS samples from the present study were analyzed more than five 
years after their collection in 2006-7 by U.S. EPA. Nitrosamines are volatile and have 
been shown to degrade in both oxic and anoxic conditions (Rowland & Grasso, 1975; 
Sharp et al., 2005). Thus, the results from the present study should be considered 
conservative with respect to their concentrations and detection frequency in MSS. In 
contrast, the presence of precursor compounds such as secondary and tertiary amines in 
MSS could have resulted in the formation of some of the nitrosamines detected in MSS 
over the storage period. Some of these formation reactions are temperature dependent and 
are shown to increase with increasing temperature (Krasner et al., 2013; Zhou et al., 
2013). Thus any potential fraction contributed from precursors during storage at -20oC is 
expected to be zero or negligible, representing only a minor error source.  
The persistence of these nitrosamines in MSS is currently unknown. Very few 
studies have shown the presence and formation of nitrosamines (NDMA and NDEA) in 
MSS-amended soil (Mallik et al., 1981; Yoneyama, 1981). NDMA was shown to leach 
and taken up by plants from contaminated soil (Dean-Raymond & Alexander, 1976). 
However, these studies were published three decades earlier using outdated methods. 
Provided that significant percent of produced MSS in the U.S. is applied on land, 
research is needed to study the fate of nitrosamines in MSS and MSS-amended soil. It is 
also important to study and characterize potential nitrosamine precursors in MSS and 
sludge systems for an in-depth understanding of the occurrence of nitrosamines in MSS. 
Also, much of the research is primarily focused on NDMA while other nitrosamines 
(particularly NDPhA, NDPA, and NPIP) that occur frequently (as shown in the present 
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study) are being overlooked. The occurrence of nitrosamines in sludge systems is 
currently being overlooked by the research community, due to their presumed lack of 
partition to solids. Low partitioning potential indeed may help to explain the low 
detection frequency of some nitrosamines in MSS in this study; however, despite this 
these compounds are nevertheless present at significant levels in MSS of some WWTPs 
as shown in the present study.  
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TRANSITION 5 
Chapters 3 through 6 reported national baseline levels, occurrence frequency and 
persistence data of CECs in municipal sewage sludge (MSS) and sewage sludge-amended 
soil. The abundance of these CECs in MSS confirms that MSS serve as a ‘sink’ to 
hydrophobic and persistent chemicals that are currently in circulation in the human 
society. The previous chapters additionally showed the use of sample repositories from 
WWTPs to conveniently obtain nationwide inventories of chemicals in U.S. MSS that 
bridges the data gap required for chemical risk assessment. A similar approach could 
potentially be used to the other end-product of wastewater treatment, namely the treated 
effluent, as opposed to the chemical loading arriving at the plant (raw sewage or 
influent). Chemicals in the effluent that survive the secondary treatment can potentially 
contaminate receiving surface water, ground water and sediments. An extensive analysis 
of wastewater effluent thus could be an indicator of exposure to persistent CECs. Also as 
indicated in Chapter 1, the relative abundance of CECs in effluent and sewage sludge 
could indicate the fate of CECs in real world biological systems. For example, if the ratio 
of concentration of a chemical in sewage sludge:effluent is high, then it is more likely for 
the chemical to be present in solid environmental matrices such as soil and sediments. 
This motivated the following chapter concentrating on a statewide study to understand 
the impact of wastewater effluents on the receiving freshwater sediments. Two 
antimicrobial compounds, triclosan (TCS) and triclocarban (TCC), extensively used in 
household products such as soaps were selected as model contaminants for this study. 
These chemicals are exclusively discharged to the sewage system after use and are 
known to be persistent in the environment. Past studies have shown that significant 
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amount of TCS and TCC accumulate in MSS, while a small fraction exists in the treated 
wastewater effluent. This suggests that these chemicals are more inclined to accumulate 
in sediments compared to surface water.  
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CHAPTER 7 
OCCURRENCE OF TRICLOSAN, TRICLOCARBAN, AND ITS LESSER 
CHLORINATED CONGENERS IN MINNESOTA FRESHWATER SEDIMENTS 
COLLECTED NEAR WASTEWATER TREATMENT PLANTS 
ABSTRACT 
The antimicrobial agents triclosan (TCS), triclocarban (TCC) and their associated 
transformation products are of increasing concern as environmental pollutants due to 
their potential adverse effects on humans and wildlife, including bioaccumulation and 
endocrine-disrupting activity. Analysis by tandem mass spectrometry of 24 paired 
freshwater bed sediment samples (top 10 cm) collected by the U.S. Geological Survey 
near 12 wastewater treatment plants (WWTPs) in Minnesota revealed TCS and TCC 
concentrations of up to 85 and 822 ng/g dry weight (dw), respectively. Concentrations of 
TCS and TCC in bed sediments collected downstream of WWTPs were significantly 
greater than upstream concentrations in 58% and 42% of the sites, respectively. Dichloro- 
and non-chlorinated carbanilides (DCC and NCC) were detected in sediments collected at 
all sites at concentrations of up to 160 and 1.1 ng/g dw, respectively. Overall, 
antimicrobial concentrations were significantly higher in lakes than in rivers and creeks, 
with relative abundances decreasing from TCC > TCS > DCC > NCC. This is the first 
statewide report on the occurrence of TCS, TCC and TCC transformation products in 
freshwater sediments. Moreover, the results suggest biological or chemical TCC 
dechlorination to be ubiquitous in freshwater environments of Minnesota, but whether 
this transformation occurs in the WWTP or bed sediment remains to be determined.  
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INTRODUCTION 
Triclosan (5-chloro-2-(2,4-dichlorophenoxy)phenol; TCS) and triclocarban 
(3,4,4’-trichlorocarbanilide; TCC) are widely used as antimicrobial agents in personal 
care products at levels of up to 2% and 0.3% (w/w), respectively (Halden & Paull, 2004; 
Sabaliunas et al., 2003). Both antimicrobials can be absorbed through the skin during 
intended use of antimicrobial personal care products and both have been detected in 
human plasma, urine, and milk (Allmyr et al., 2006; Howes & Black, 1976; Sandborgh et 
al., 2006; Ye et al., 2011). Concentrations as low as 0.07 and 0.61 mg/L of TCS have 
been shown to disturb metabolic systems, immune function, and hormone production in 
rats and humans, respectively (Hanioka et al., 1996; Jacobs et al., 2005; Wang et al., 
2004; Zorrilla et al., 2009). The acceptable daily intake for TCS is proposed to be as low 
as 1.9 × 10-4 mg kg-1 day-1 for humans (Murray et al., 2010). These studies raise concern 
about the impacts of TCS on fetal and infant development. TCC is known to interfere 
with mammalian reproduction and can cause the blood disorder, methemoglobinemia, in 
humans (Johnson et al., 1963; Nolen & Dierckman, 1979; Ponte et al., 1974). It is also 
associated with the amplification of transcriptional activity of steroid sex hormones in the 
estrogen and androgen receptors of humans (Ahn et al., 2008). Both TCS and TCC have 
been shown to bioaccumulate in aquatic species (Adolfsson et al., 2002; Coogan et al., 
2007; Kim et al., 2011). Historical discharge of these antimicrobials in aquatic 
environments has resulted in the detection of concentrations as high as 80 µg/L TCS in 
fish bile and 39.9 ng/g TCC in fish muscle tissue (Houtman et al., 2004; Kim et al., 
2011). Other studies associate TCS with estrogenic effects, reduced testosterone levels, 
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and endocrine disruption in aquatic animals at concentrations between 0.03 and 29 µg/L 
(Gee et al., 2008; Ishibashi et al., 2004; Matsumura et al., 2005; Veldhoen et al., 2006).   
TCS and TCC are some of the most frequently detected chemicals in streams 
across the U.S. (Halden & Paull, 2005; Kolpin et al., 2002). Influent wastewater 
concentrations as high as 4,700 ng/L for TCS and 6,100 ng/L for TCC have been reported 
(Heidler et al., 2006; Heidler & Halden, 2007). TCS and TCC have low solubility in 
water (1.97 – 4.6 mg/L for TCS and 0.65 – 1.55 mg/L for TCC at 25oC) and high n-
octanol-water partition coefficients (log KOW of 4.8 for TCS and 4.9 for TCC pH 7.0) and 
as a result tend to accumulate in sewage sludges and sediments at µg/g levels (Halden & 
Paull, 2005). Due to their hydrophobic nature, a mass balance analysis of these chemicals 
in a conventional wastewater treatment plant showed that about 31% (TCS) and 76% 
(TCC) of the influent mass accumulated in the processed wastewater sludge (Heidler et 
al., 2006; Heidler & Halden, 2007; Heidler & Halden, 2008). Concentrations as high as 
30,000 ng/g for TCS and 51,000 ng/g for TCC were detected in sewage sludge (Heidler 
et al., 2006; Heidler & Halden, 2007). Land application of these sewage sludges and 
wastewater effluent discharge into surface water forms a secondary pathway of 
environmental exposure to these antimicrobials.  
Due to their trichlorinated aromatic structure, both compounds are fairly resistant 
to biodegradation and can persist for extended periods, even decades, in the environment 
(Miller et al., 2008). Significant levels of TCS and TCC are being discharged every day 
from WWTPs across the United States, resulting in the contamination of receiving 
surface water and sediments. One study reported significant levels of TCS and TCC in 
dated estuarine sediment cores in Chesapeake Bay, Maryland and Jamaican Bay, New 
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York (Miller et al., 2008). Another study reported TCS in dated sediment cores from 
Lake Greifensee, Switzerland, the concentration of which trended with the use of TCS in 
the study area (Singer et al., 2002). However, there is a lack of data on antimicrobial 
compound occurrence and levels in freshwater sediments. Yet, such information is 
essential in understanding the relevance of point vs. non-point sources, environmental 
loading, geographic variability and the fate of these compounds under WWTP and 
environmental conditions. 
Though TCC is very persistent in the environment, the detection of lower 
chlorinated carbanilides like dichlorocarbanilide (DCC), monochlorocarbanilide (MCC), 
and non-chlorinated carbanilide (NCC) in the environment suggests possible reductive 
dechlorination. One study in a tributary to the Chesapeake Bay, Maryland observed 
significant quantities of DCC, MCC, and NCC in aged, deep estuarine sediments 
suggesting dechlorination of TCC in situ (Miller et al., 2008). Results showed that 
dechlorination products of TCC occurred only in strict anaerobic zones of deep 
sediments; no significant amounts of dechlorination products were observed in partially 
oxygenated bed sediments (Miller et al., 2008). Although the specific mechanism of TCC 
dechlorination is yet to be identified, the results from that study suggested possible 
involvement of dehalorespiring microorganisms in the reductive dechlorination of TCC. 
Hence, more research focusing on the lesser chlorinated carbanilides in the environment 
is necessary to understand the occurrence and relevance of this putative in situ 
mechanism for attenuation of TCC, a compound that is more abundant and more 
persistent than the intensely studied antimicrobial compound TCS. Moreover, the 
environmental fate and toxicity of the dechlorination products of TCC are unknown.   
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During 2009, the U.S. Geological Survey (USGS), St. Cloud State University, the 
University of St. Thomas, and the Minnesota Pollution Control Agency conducted a 
statewide study of Minnesota for the occurrence of endocrine active chemicals, 
pharmaceuticals, and other chemicals in surface waters, wastewater treatment plant 
(WWTP) effluents, and bed sediments (Lee et al., 2011). In the present study, bed 
sediment samples collected upstream and downstream from 12 WWTPs by the USGS 
were analyzed for the antimicrobial compounds TCS, TCC and its lesser chlorinated 
congeners (DCC and NCC). To the best of our knowledge, this is the first statewide study 
to find these antimicrobial compounds and their putative transformation products in 
freshwater bed sediments.  
METHODS 
Chemicals 
High purity standards of non-labeled TCS, TCC and NCC, and High Pressure 
Liquid Chromatography (HPLC) grade solvents were purchased from Sigma Aldrich 
(Milwaukee, WI). A DCC standard was purchased from Oakwoods products, Inc. (West 
Columbia, SC). Isotope-labeled standards 13C13-TCC and 13C12-TCS were purchased 
from Wellington Laboratories Inc. (Guelph, Canada).  
Study Area 
Sediment grab samples were collected from the upper 10 cm of the bed surface at 
sites upstream and downstream from 12 WWTPs (Figure 7-1) using methods described 
elsewhere (Lee et al., 2011). All the samples were paired as upstream and downstream in 
relation to the associated WWTP. Samples were collected from rivers (Mississippi, Sauk, 
South Fork of the Crow, and Grindstone), creeks (Center, Okabena) and lakes (Pepin, 
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Superior, Shagawa). The land use, wastewater treatment techniques, and surface water 
receiving the WWTP discharge varied widely in their characteristics at different sampling 
sites. Site characteristics and other physicochemical properties (pH, temperature, etc.) at 
the time of sampling are provided in appendix (Appendix Table A17 – A18).  
 
Figure 7-1. Map of Minnesota showing the different sampling locations. Each symbol 
represents two adjacent sites located upstream and downstream of wastewater treatment 
plant (WWTP) effluent discharge locations. 
Sample Preparation and Analysis 
Sediment aliquots were stored at -20oC until use and dried at 103oC prior to 
solvent extraction. Dryness was established through gravimetric monitoring of the 
sediment samples. 13C13 –TCC and 13C12 – TCS surrogates were then spiked to the dried 
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sediments to correct for analyte recovery.  Analytes were extracted from sediments by 
adding 3 mL of organic solvent (50:50 mix of acetone/methanol containing 10 mM acetic 
acid) per g of dried sediment and by placing the capped extraction vial horizontally on a 
rotary shaker for 3 hours at 150 rpm. The sample was decanted, the organic extracts were 
concentrated to dryness, reconstituted with 1.5 mL acetonitrile, filtered (0.2 µm PTFE, 13 
mm syringe filters, VWR International, LLC, PA), diluted to 50% v/v water content, and 
analyzed using isotope dilution liquid chromatography negative electrospray ionization 
tandem mass spectrometry (LC-ESI-MS/MS). Mass spectrometric analyses were carried 
out on an API 4000 instrument (Applied Biosystems, Framingham, MA, USA), coupled 
to a Shimadzu Prominence HPLC (Shimadzu Scientific Instruments, Inc., Columbia, 
MD, USA) and controlled by Analyst 1.5 software (Applied Biosystems, Framingham, 
MA, USA). Separation was carried out using an IBD C18 column (5 µm particle size, 2.1 
x 150 mm; Restek Corporation, Bellefonte, PA). The isocratic mobile phase maintained 
at 35oC consisted of 60% acetonitrile and 40% water flowing at a rate of 400 µL/min with 
a total runtime of 12 min. Analytes were introduced into the mass spectrometer using an 
electrospray ionization probe operating in negative mode. Multiple reaction monitoring 
(MRM) was used for qualitative analysis. Optimized conditions for the ionization and 
fragmentation of the analytes are specified in appendix (Appendix Table A19). All 
concentrations are reported on dry weight (dw) basis. Quality assurance and quality 
control protocols were followed as described previously (Halden & Paull, 2004). 
The tandem mass spectrometry method yielded method detection limits (MDLs) 
of 0.0003, 0.22, 0.01, and 0.003 ng/g dw for TCC, TCS, DCC, and NCC, respectively. 
The respective limits of quantifications (LOQs) were 0.002, 1.12, 0.04, and 0.01 ng/g dw. 
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All MDLs were determined based on EPA guidelines described in 40 CFR 136, 
Appendix B. The loss of TCS and TCC from sediments during extraction was corrected 
for using isotope labeled internal standards, and the calculated average recoveries were 
81 ± 20% and 88 ± 23%, respectively.  Because no labeled standards were available for 
DCC or NCC, their recoveries were determined from spiking experiments described 
elsewhere (Miller et al., 2008). Average recovery rates were found to be 68 ± 5% and 79 
± 11% for DCC and NCC, respectively, but were not corrected for. 
Statistical Analysis 
In order to determine the interrelations in the analytical dataset of detected 
antimicrobial concentrations and various physicochemical properties of the studied 
locations, a principal component analysis (PCA) was performed using version 19 of the 
IBM SPSS software package (IBM, Armonk, New York, U.S.).  
RESULTS AND DISCUSSION 
Antimicrobial Contamination of Bed Sediments 
TCS concentration in surface sediments varied from 0.4 to 85 ng/g dw (n = 24) 
and was detected above LOQ in all samples analyzed (Figure 7-2). Concentrations of 
TCC ranged between 5 and 822 ng/g dw; about one order of magnitude higher than TCS 
in 63% of samples analyzed (Figure 7-2). The ratio of TCC to TCS levels in sediments 
varied between 3:1 (Melrose) and 58:1 (Lake City), showing the abundance of TCC 
contamination over TCS in freshwater sediments. DCC and NCC were detected in all the 
samples above LOQ at concentrations ranging from 0.05 to 160 ng/g dw and 0.021 to 
1.14 ng/g dw, respectively (Figure 7-2). DCC and NCC were detected, on average, one 
order and three orders of magnitude lower than TCC, respectively. The relative 
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abundance of these antimicrobials in bed sediments were in the order 
TCC>TCS>DCC>NCC in 92% of the sites. Antimicrobial concentrations in sediment 
from Shagawa Lake (Ely) and St. Louis Bay at Lake Superior (Duluth) in the area of 
influence of WWTP discharge locations were more than three times higher than those 
observed in river and creek sediments. The downstream site of Duluth (St. Louis Bay at 
Lake Superior) near the WWTP had the greatest concentrations of TCS, TCC, and DCC 
with concentrations of 85, 822, and 160 ng/g dw, respectively. 
Comparison of Antimicrobial Contamination Upstream and  
Downstream of WWTPs 
A two tailed t-test was performed to determine whether statistically significant 
differences existed between antimicrobial concentrations measured in sediment upstream 
and downstream of WWTP discharge locations. The downstream TCS and TCC sediment 
concentration was significantly greater than upstream concentration (p<0.05) for 58% (7 
out of 12) and 42% (5 out of 12) of the sites, respectively (Figure 7-2). DCC showed a 
similar trend with downstream sediment concentration greater in 42% of the sites, in the 
same locations as TCC (Grand Rapids, Fairmont, Lester Prairie, Ely, and Duluth). NCC 
concentration in downstream sites was significantly higher in 2 sites (Hinckley and Ely), 
and interestingly lower in 2 sites (Sauk Centre and Grand Rapids) when compared to 
upstream locations. The type of surface water system receiving treated wastewater also 
seemed to dictate contamination levels found in sediments. Biocide concentrations in lake 
sediments collected in the area of influence of WWTP discharge locations were, on 
average, about 8 times higher than the concentrations observed in any river or creek 
sediments downstream of WWTP discharges (Figure 7-2). 
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Figure 7-2. Concentrations of triclosan (TCS), triclocarban (TCC), dichlorocarbanilide 
(DCC), and carbanilide (NCC) in bed sediments located up- and downstream of WWTP 
discharge locations. Error bars represent the standard deviation of analyte concentrations 
determined in triplicate independent extractions. MDLs for TCC, TCS, DCC, and NCC 
by LC-ESI-MS/MS were 0.0003, 0.22, 0.01, and 0.003 µg/kg-dw, respectively. 
The aqueous phase concentrations of TCS and TCC were provided previously 
(K.E. Lee et al., 2011) and are summarized in Figure 7-3. TCS and TCC concentrations 
were consistently higher in WWTP effluent when compared to upstream and downstream 
surface water. This suggests WWTPs to be a significant point-source of antimicrobial 
contamination in downstream surface water and associated sediments. To obtain a 
perspective on the interrelations in the analytical dataset, PCA was performed in 
clustering mode based on the covariances between analyte concentrations at different 
sampling locations [using surface water, WWTP effluent concentration of TCS and TCC, 
and the sediment concentration (upstream and downstream) of all analytes (TCS, TCC, 
DCC, and NCC)] (Figure 7-4A).  
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Figure 7-3. Concentrations of triclocarban (TCC) and triclosan (TCS) in Minnesota 
surface waters and WWTP effluents at locations where bed sediments were collected 
(K.E. Lee et al., 2011). Absence of bars represent non-detect values (below the respective 
MDL stated). 
The first two principal components (PC1 and PC2) explained the highest amount 
of variance in the dataset and when combined accounted for 57.5% of the total observed 
variability. The PCA plot reveals that TCS and TCC concentration in downstream 
sediments are clustered together with WWTP effluent concentration of TCS and TCC, 
thus indicating a correlation between downstream sediment contamination with WWTP 
discharge. A stronger correlation is seen for TCS when compared to TCC (Figure 7-4A). 
Also, downstream sediment concentrations of NCC and DCC nearly superimposed with 
downstream TCC sediment concentration, indicating little variance and thus suggesting a 
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strong correlation between these analytes.  However, significant levels of sediment 
contamination upstream of some WWTPs, especially for TCC, suggest potential 
contribution from other point and non-point sources not included in this study. For 
example, TCC concentrations of more than 100 ng/g dw were detected in sediments 
upstream of WWTPs in St. Paul, Fairmont, and Lake City. These high levels were 
comparable with the associated downstream TCC sediment concentration at those sites.   
The geographic variability in sediment contamination might in part be attributed 
to different physical and chemical properties in various sites that include WWTP 
discharge, population density, turbidity, pH, sediment organic carbon content, etc. The 
covariance was investigated through PCA analyses based on the complete analytical 
dataset and the physicochemical site-specific measurements [i.e., TCC concentrations (in 
surface water, WWTP effluent, and sediments), DCC and NCC sediment concentrations, 
stream flow and WWTP effluent discharge, and other physical chemical parameters 
(specific conductance, pH, turbidity, dissolved oxygen, and sediment organic carbon 
content)] as inputs (see Appendix Table A17-A18 for the datasets used). The PCA plots 
reveal that the downstream sediment concentrations of TCC, DCC, and NCC clustered 
closely together with stream flow (million gallons/day [mgd]), WWTP discharge (mgd), 
and population density, suggesting a relation between sediment contamination levels and 
these parameters. The correlation was observed to be stronger for TCC and DCC and 
comparatively weaker for NCC (Figure 7-4C). These results suggest that higher levels of 
TCC and DCC can be expected in sediments at locations with high surface water flow, 
high WWTP discharge, and high population density. The percent contribution of WWTP 
effluent to surface water flow also seems to relate with the TCC surface water 
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concentration (Figure 7-4B), thus further confirming WWTP as a significant point source 
for downstream contamination of these biocides.  
 
Figure 7-4. Principal component analysis of the contaminant levels (TCC: diamond, 
DCC: triangle, NCC: square, and TCS: circle) that were detected in sediment (upstream – 
u and downstream – d), surface water (upstream- aq-u and downstream- aq-d), and in 
wastewater treatment plant effluent (ef) of the sampling sites. Plot A represents the 
variance (57.5%) in sediment and aqueous phase contamination of biocides. Plots B and 
C represent the variance (54.7% and 54.2%, respectively) in contaminants levels of TCC, 
DCC, and NCC and various physicochemical properties (empty circles). 1. Population; 2. 
Surface water flow; 3. WWTP discharge; 4. Contribution (%) of WWTP discharge to 
surface water flow; 5. Conductance; 6. Sediment organic carbon fraction; 7. Turbidity of 
surface water; 8. Dissolved oxygen concentration; 9. Distance of sampling location from 
WWTP; 10. pH of surface water. The highlighted circles represent the cluster of 
parameters that correlate with each other.  
Evidence for Ubiquitous Dechlorination of TCC 
Use of tandem mass spectrometry enabled the detection of impurities and putative 
dechlorination products of TCC above LOQ in all samples (Figure 7-2). DCC is known 
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to be present as impurity (~0.2% w/w) in technical grade TCC (>99%) (Sapkota et al., 
2007), which corresponds to a ratio of 495:1. The TCC: DCC ratio in freshwater 
sediments from the present study ranged widely from 5:1 to 221:1.  This deviation in the 
reported TCC: DCC ratio in the present study from the impurity ratio suggests TCC 
removal relative to DCC or DCC formation either in the WWTP or the bed sediment via 
dechlorination of TCC, since their adsorptive characteristics are similar. For almost all 
sites, DCC levels exceeded those of NCC (sediment collected upstream of the WWTP 
near Grand Rapids representing the one exception). This finding is similar to data 
collected in a previous study in the Chesapeake Bay, Maryland and in Jamaica Bay, New 
York (Miller et al., 2008). It was previously hypothesized that biological dechlorination 
of TCC might have taken place under anoxic conditions, which prevail in deeper sections 
of the sediments (Miller et al., 2008). But because dissolved oxygen levels were not 
monitored in the sediments of the present study, it is unknown whether the site specific 
redox conditions allow in situ reductive dechlorination of TCC. Nevertheless, the 
TCC:DCC ratio can be expected to decrease with sediment depth where anaerobic 
conditions may prevail (as seen in Chesapeake Bay (Miller et al., 2008)). It is noted that 
the presence of dehalorespiring bacteria at the TCC-contaminated Chesapeake Bay 
sediments was later confirmed by isolating an anaerobic microbial consortium that was 
capable of dechlorinating trichloroethene (TCE) to ethene (Ziv-El et al., 2011). Evidence 
of microbial TCC anaerobic reductive dechlorination remains unreported to date. Since 
the sediments analyzed in the present study were obtained from the top 10 cm of the bed 
surface, they might have been partially oxygenated and hence incomplete dechlorination 
of TCC could be a possible reason for the observed lower concentrations of DCC and 
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NCC when compared to the previous study at Chesapeak Bay. We would like to 
emphasize that the dissolved oxygen concentrations reported by USGS (and used in the 
PCA) were measured in the water column and not in the sampled sediment bed. 
Reductive dechlorination in anoxic sediments is an important pathway for several 
halogenated compounds, including polychlorinated biphenyls (PCBs), chlorinated 
dioxins and dibenzofurans, and TCE (Holliger et al., 2004; Häggblom et al., 2003; 
Häggblom et al., 2000). Presence of oxygen has shown to inhibit reductive dechlorination 
of these compounds (Amos et al., 2008; Natarajan et al., 1995). However, the consistent 
detection of dechlorination products of TCC in potentially oxygenated bed sediment in 
this study might suggest either an alternate pathway for dechlorination, or tolerance of 
certain dehalorespiring bacteria of low oxygen concentrations, perhaps as a result of a 
favorable facultative anaerobic microbial community. Alternatively, or in addition, 
anaerobic microbial reductive dechlorination of TCC could also have taken place in the 
WWTPs; however, a lack of NCC and DCC data for WWTP effluent at the sampling 
locations makes it impossible to pinpoint with certainty the environmental locale of this 
dechlorination route.  
Aquatic Toxicity of TCC 
The high TCC levels detected in freshwater sediments, especially from 
downstream site at Shagawa Lake (Ely) and St. Louis Bay in Lake Superior (Duluth) may 
be of concern due to toxicity effects on aquatic organisms. Lake Superior is the largest 
freshwater lake in the world. The studied region (St. Louis Bay) is a fresh-water estuary 
of Lake Superior and is addressed as one of the Areas of Concern in the Great Lakes 
region by the U.S. Environmental Protection Agency’s St. Louis River System Remedial 
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Action Plan (U.S. Environmental Protection Agency, 2011). Researchers have reported 
impairment of beneficial uses of the lake due to contamination, resulting in restrictions on 
fish and wildlife consumption (U.S. EPA, 2011a). The detected level of TCC (822 ng/g) 
in St. Louis Bay bed sediments adds to the existing concerns in this Area of Concern and 
throughout the Great lakes region. The St. Louis Bay of Lake Superior has more than 80 
species of fish and other aquatic organisms (Minnesota Sea Grant, 2012). These include 
invertebrates (zooplankton, midge larvae, and mysid shrimp), and vertebrates (rainbow 
trout) which are known to have a pronounced sensitivity to acute toxicity from TCC 
exposure (TCC Consortium, 2002). Though the surface water TCC concentrations are 
well below the threshold values for most of these aquatic species in the studied region, 
very little is known about this compound’s biota-sediment accumulation factor. 
Moreover, the effects of TCC in mixtures of other chemicals present in the Area of 
Concern are unknown. Based on the detected levels of TCC (Csed), the fraction of organic 
carbon in lake sediments (fOC), and the organic carbon partition coefficient of TCC (KOC), 
the pore water concentration of TCC (Cpore) were estimated to be 0.2 and 1.7 µg/L for the 
downstream site at St. Louis Bay and Shagawa Lake, respectively using the following 
equilibrium expression. 
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  The estimated pore water concentration at Shagawa Lake exceeds the no-observed 
effective concentration of 1.46 µg/L for the zooplankton Ceriodaphnia sp. and 
concentration in both lakes exceeds the half maximal effective concentration (EC50) of 
0.2 µg/L for reproduction in the mysid shrimp Mysidopsis bahia (TCC Consortium, 
2002). These invertebrates are commonly found in both lakes. This discussion excludes 
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the possibility of biomagnification, which would further lower the threshold level for 
concern of TCC exposure for inducing chronic and acute toxicity in aquatic organisms.   
CONCLUSIONS 
Analytical data on the occurrence of TCS and TCC in surface waters, WWTP 
effluents, and bed sediments in Minnesota suggest that WWTPs are an important point 
source of freshwater sediment contamination. In decreasing order, the relative 
abundances of the studied antimicrobial compounds in sediments are 
TCC>TCS>DCC>NCC. Principal component analysis revealed that freshwater sediment 
contamination strongly correlated with WWTP discharge, stream flow, and population 
density. Elevated concentrations in lake sediments may potentially exert toxicity to 
aquatic organisms and should be the subject of further study. Consistent detection of 
dechlorination products of TCC (specifically, DCC and NCC) in all sampled locations in 
the current study area strongly suggests that dechlorination of TCC is a ubiquitous and 
important attenuation process in freshwater environments. Though the known reductive 
dechlorination mechanisms are strictly anaerobic, detection of these transformation 
products in potentially partially-oxygenated sediments suggest an alternate dechlorination 
pathway for TCC, the existence of certain dehalorespiring bacteria that can tolerate low 
concentrations of oxygen, the presence of dehalorespiring bacteria as an integral part of 
facultative anaerobic microbial communities (whether they be located in the WWTP or 
the bed sediment) or alternative abiotic processes. Further studies are required on biocide 
occurrence in sediments in other parts of the U.S. and on the aquatic toxicity exerted by 
the parental biocides TCS, TCC and their transformation products to bridge existing 
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knowledge gaps in the environmental fate and transport of these widely used 
antimicrobials.  
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TRANSITION 6 
The foci of prior chapters were to determine concentrations, occurrence 
frequency, persistence and concerns associated with various CECs monitored in WWTPs 
and the environment. The large number of sewage sludge samples analyzed and their 
selection by the government agency on the basis of providing good representation of the 
more than 16,000 WWTPs in the U.S. nationwide, the statewide study on contamination 
of freshwater sediments, and study of CECs fate over three years in outdoor soil 
mesocosms makes the analytical results and loading estimates reported in the previous 
chapters a valuable and significant contribution to the current understanding of the 
occurrence and fate of CECs in the built environment of the United States. The survey of 
some of the CECs reported here has never taken place before at this scale in the U.S. or 
any other country in the world. Out of the 242 CECs analyzed in the biosolids samples so 
far (including PPCPs from other studies from our group), 130 were detected. However, 
not all these chemicals pose a significant risk to humans and the environment. 
Prioritization of these CECs is required in order to produce a manageable list of 
chemicals that require future investigations. The following chapter serves as a ‘synthesis’ 
study that uses the pool of all concentration data reported in these nationally 
representative samples of sewage sludges (except those of nitrosamines – that do not 
partition onto sewage sludge like the other groups of chemicals studied) to derive 
information and help in prioritizing and identifying the important CECs that require 
further investigations.  
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CHAPTER 8 
WASTEWATER TREATMENT PLANTS AS CHEMICAL OBSERVATORIES TO 
FORECAST ECOLOGICAL AND HUMAN HEALTH RISKS OF MANMADE 
CHEMICALS 
ABSTRACT 
Thousands of chemicals have been identified as contaminants of emerging 
concern (CECs), but prioritizing them concerning ecological and human health risks is 
challenging. We explored the use of sewage treatment plants as chemical observatories to 
conveniently identify persistent and bioaccumulative CECs. Nationally representative 
samples of sewage sludge (MSS) were analyzed for 231 CECs, of which 123 were 
detected. Ten of the top 11 abundant CECs in MSS were found to be high-production 
volume chemicals, eight of which representing priority chemicals based on their 
bioaccumulation potential (3 flame retardants, 3 surfactants, and 2 antimicrobials). A 
comparison of chemicals detected in nationally representative biological specimens from 
humans and in MSS revealed 70% overlap. This observed co-occurrence of contaminants 
in both matrices suggests that MSS may serve as an indicator for ongoing human 
exposures and body burdens of pollutants in humans; additionally informing the 
prioritization and decision-making in chemical and human health risk assessment. 
INTRODUCTION 
Thousands of organic chemicals have been identified as contaminants of 
emerging concern (CECs) (Diamond et al., 2011). Sampling and identification of CECs 
in various environmental matrices for prioritization of CECs is often time consuming and 
tedious. Hence, several methods of screening for potential CECs have been proposed 
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(Conder et al., 2011; Diamond et al., 2011; Gouin et al., 2000; Howard & Muir, 2010; 
Rodan et al., 1999; Wegmann et al., 2009; Drewes et al., 2012). Screening methods 
typically consider the persistence, bioaccumulation potential and toxicity of chemicals 
(PBT approach). However, this approach does not consider two critical aspects 
influencing the risks posed by chemicals to humans and ecosystems: current chemical 
production rates and the individual behavior of chemicals in real-world biological 
systems. Tools informing on chemical usage rates and real-world biodegradability of 
chemicals thus would be a welcome addition to the toolbox of risk assessors tasked with 
prioritizing and managing CECs. Most chemicals used in consumer products are 
ultimately washed down the drain and are collected in municipal sewers (Figure 8- 1). 
Efficient chemical monitoring at wastewater treatment plants (WWTPs) thus may provide 
up-to-date information on chemical usage rates for epidemiological assessments. This so-
called “sewage epidemiology” approach has been employed by other researchers to 
evaluate illicit-drug use in communities via measurement of drug levels in influent 
wastewater (Khan & Nicell, 2011; van Nuijs et al., 2011; Zuccato & Castiglioni, 2009). 
Here, we demonstrate the use of sample repositories from U.S. WWTPs nationwide to 
conveniently derive information on the occurrence and identity of CECs as well as their 
bioaccumulation potential and propensity to withstand degradation processes. The 
underlying hypothesis of this work is that WWTPs can serve as chemical observatories to 
study the prevalence and likely fate of chemicals and their bioaccumulation potential in 
human society and the environment.  
Secondary treatment of municipal sewage consists of a biological treatment 
operation employing a highly complex and concentrated microbial community. 
121 
Chemicals managing to withstand unscathed the passage through primary and secondary 
WWTP unit operations have to be considered notably resistant to aerobic degradation 
processes (which is typically employed in secondary treatment) and thus have the 
potential to also persist in the environment upon release. Municipal sewage sludge (MSS) 
are known to represent a ‘sink’ for hydrophobic organic compounds of limited 
biodegradability. Hundreds of organic chemicals including polychlorinated biphenyls 
(PCBs), brominated flame retardants (BFRs) and specific pharmaceuticals and personal 
care products (PPCPs), such as polychlorinated aromatic antimicrobials have been shown 
to accumulate to notable amounts in MSS (U.S. EPA, 2007; U.S. EPA, 2009; Chari & 
Halden, 2012; Halden & Paull, 2005; McClellan & Halden, 2010; Venkatesan & Halden, 
2013a; Venkatesan & Halden, 2013b). Empirical and deterministic models for predicting 
chemical loading to WWTPs and for identifying potentially problematic high-production 
volume (HPV) chemicals based on the fraction sorbed to MSS have been proposed (Deo 
& Halden, 2009; Deo & Halden, 2010; Heidler & Halden, 2008). In the present study, we 
explore the use of MSS as an analytical matrix to identify hydrophobic CECs potentially 
posing a human health threat based on chemical abundance, environmental persistence, 
and bioaccumulation potential, as indicated by a lack of transformation during aerobic 
and anaerobic digestion in modern WWTPs, and subsequent accumulation in the carbon- 
and lipid-rich MSS which may serve as a proxy to the human body (Figure 8-1). 
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Figure 8-1. Fate and transport of anthropogenic chemicals through human society and 
the built wastewater environment (credits: Nicole Hansmeier). 
WWTPS AS CHEMICAL OBSERVATORIES 
A total of 123 chemicals were detected in MSS (Appendix Table A20). The most 
abundant group of chemicals in MSS were alkylphenol surfactants (AP and APEOs), 
followed by PPCPs and BFRs (Figure 8-2a). Chemicals monitored in MSS in this study 
were calculated to contribute about 0.04–0.15% of the total dry mass of MSS produced in 
the U.S. annually, a mass equivalent to 0.4–1.5 g/kg of dry sludge or a total of 2,600–
7,900 metric tonnes of chemicals annually. However, this estimate likely is lower than 
the true value, since other organics known to occur in MSS (e.g., linear alkylbenzene 
sulfonates, PCBs, etc.) were not included in this work. The study design further excluded 
hundreds of hydrophilic compounds that, while potentially being recalcitrant to the 
degradation processes, lack the potential for sequestration in MSS and accumulation in 
humans.  
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Figure 8-2. (a) Annual mass of U.S. MSS and of emerging contaminants sequestered in 
MSS following municipal wastewater treatment, including sludge digestion. Numbers in 
parenthesis represent the number of chemicals detected in each chemical group. Refer to 
the text for a definition of acronyms used. (b) Occurrence in MSS of chemicals detected 
in excess of 1000 µg/kg-dw and their corresponding annual U.S. production volumes. 
Labels to the right identify primary chemical uses and the percentage of production mass 
that becomes sequestered in MSS. Dotted vertical line represents the annual production 
volume required for HPV classification (450,000 kg or 1 million U.S. pounds/year). Error 
bars represent the upper limit of average MSS load and production volume, respectively.  
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MOST ABUNDANT CECS IN MSS 
The top abundant individual compounds detected in excess of 1000 µg/kg-dw 
composite MSS samples emerging from the pool of 231 chemicals assayed for include: 
BFRs [deca BDE-209, 1,2-bis(2,4,6-tribromophenoxy)ethane (BTBPE), and penta-
brominated BDE-99], surfactants [nonylphenol (NP) and their ethoxylates (NPEOs)]; 
antimicrobials (triclosan and triclocarban); and antibiotics (azithromycin, ciprofloxacin, 
and ofloxacin) (Figure 8-2b).  BFRs are widely used in plastics, textiles, electronics, and 
several household products to prevent fires. The penta-BDE market was dominated by 
North America in the 1990s, and declined after these compounds were banned in Europe 
in 2004 (Betts, 2008; Cox & Efthymiou, 2003a; Shaw et al., 2008). Since then the 
demand for deca-BDE increased and only recently has been considered for regulation in 
the U.S. (Betts, 2008). Although BTBPE is considered to be a low-volume BFR and was 
excluded from EPA’s targeted national sewage sludge survey (TNSSS) (U.S. EPA, 
2009), it falls under the category of highly abundant persistent chemicals list using the 
present study approach. BFRs are known to persist and bioaccumulate in the environment 
and also can be transformed to other toxic chemicals, including brominated dioxins and 
furans (Br-D/F) (Weber & Kuch, 2003). Br-D/F chemicals were also detected in the 
present study at low levels (Appendix Table A20). The pathway by which these 
compounds enter WWTPs is unclear, since BFR containing products are not meant to be 
flushed or discharged directly to the sewer. Their abundance in MSS indicates an 
alternative pathway or route of entry to the environment that must be further studied. The 
surfactants and antimicrobials are known high production volume [HPV - compounds 
featuring an annual usage volume in excess of 450,000 kg (1 million pounds)] and 
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persistent CECs and have been widely detected in various environmental matrices 
(Halden & Paull, 2005; Kolpin et al., 2002; La Guardia et al., 2001; Venkatesan et al., 
2012). The three antibiotics (azithromycin, ciprofloxacin, and ofloxacin) fall into the 
category of highly abundant compounds, due to their extensive consumption in the 
United States. Sales of ciprofloxacin in the U.S. were already high at $1.97 billion in 
2001 due to the anthrax scare (New York Times, 2002). According to online sources, 
azithromycin also is one of the world’s best selling antibiotics, and its sales volume in the 
U.S. is about $1.3 billion (WHO, 2004). Although ciprofloxacin and ofloxacin have low 
partition coefficients (Figure 8-3), sorption of these compounds to MSS is driven 
primarily by electrostatic interactions with microorganisms in the sludge (Radjenovic et 
al., 2009; Vasudevan et al., 2009). These chemicals have also been widely detected in 
U.S. surface water (Focazio et al., 2008; Kolpin et al., 2002) and their fate depends on 
environmental pH levels. Human health concerns of antibiotics revolve primarily around 
their ability to induce resistance to one or multiple drugs in microbial pathogens. Buildup 
of antibiotics in the human body is a lesser concern, since the antibiotics’ various polar 
moieties facilitate rapid urinary excretion; however, recent studies show bioaccumulation 
potential of antibiotics in macroorganisms (Gao et al., 2012; Nie et al., 2008). 
Ciprofloxacin was shown to be one of the most frequently detected antibiotics in fish 
(muscle tissue) from the Haihe River in China (Gao et al., 2012).  
In general, the fate of chemicals in the environment is determined by their 
partition coefficients and biodegradability. As noted above, the environmental behavior 
of certain chemicals cannot be predicted reliably from deterministic physical-chemical 
models. Idiosyncratic structural features and biological interactions may result in 
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chemical fates which deviate substantially from those predicted from deterministic 
models alone. The here presented approach for estimating chemical fate from empirical 
observations made in actual biological systems (secondary wastewater treatment and 
sludge digestion units) thus may complement accepted contemporary approaches used in 
risk assessment. When utilizing this proposed diagnostic approach, the secondary 
treatment step of municipal WWTPs essentially serves as a large-scale, aerobic 
preliminary biodegradability test for these manmade chemicals, whereas treatment steps 
for excess sewage sludge can serve to assess a chemical’s propensity to partition into 
biota and resist anaerobic biodegradation processes. 
PREDICTING CONSUMPTION RATES AND ENVIRONMENTAL 
OCCURRENCE OF CECS 
The estimated annual MSS loads of the top most-abundant chemicals detected in 
excess of 1000 µg/kg-dw (ppm) in composite MSS were compared with their respective 
production volume in the U.S. (Figure 8-2b). Between 0.1% and 48% of the individual 
compounds’ production volume was found to be sequestered in MSS. The highest 
percentage was determined for the antimicrobial triclocarban, and the lowest was 
observed for one particular congener (BDE-99) of penta-brominated diphenylether flame 
retardants. In addition, ten of the 11 most abundant compounds in MSS (detected >1000 
µg/kg-dw) are HPV chemicals; for the single exception, the antibiotic ofloxacin (Figure 
8-2b), reliable production volume estimates were unavailable. These high levels of 
sequestration in sludge indicate the compound’s stability and persistence from its 
production and use until disposal. The fact that 91% of the top 11 abundant compounds 
are HPV chemicals, indicate the integrity of MSS matrix in capturing hydrophobic 
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chemicals relative to their production volume. For example, the production of NP and 
NPEOs exceeds the volume of other abundant chemicals by more than an order of 
magnitude (Appendix Table A21), and these two surfactants were the most abundant 
chemicals detected in MSS (Figure 8-2a).  
 
Figure 8-3. Classification of 123 chemicals detected in MSS based on abundance in MSS 
and on n-octanol water partition coefficient (KOW). Numbers represent highly abundant 
chemicals: (1) BDE-209, (2) BTBPE, (3) BDE-99, (4) NP, (5) NP1EO, (6) NP2EO, (7) 
triclocarban, (8) triclosan, (9) azithromycin, (10) ciprofloxacin, (11) ofloxacin. The 
shaded region in the top right is populated by priority CECs of high abundance and high 
bioaccumulation potential.  
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High chemical usage rates imply substantial chemical releases to the environment 
and thus an increased risk of exposure for susceptible receptors. MSS are known to be 
highly enriched in hydrophobic chemicals, which render them an ideal matrix for 
environmental monitoring. Hydrophobic compounds detected in MSS in the parts-per-
trillion (<1 µg/kg-dw) range are expected to feature very low environmental occurrences, 
good biodegradability, or a combination of the two. In contrast, chemicals occurring in 
MSS in the parts-per-million (ppm) range (>1000 µg/kg-dw) pose a potentially 
significant concern, due to high usage, resistance to biodegradation and pronounced 
partitioning into MSS destined for application on land. Based on these established facts, 
chemicals in MSS may be prioritized in terms of potential environmental occurrence and 
risk by separating them into three groups indicating low (<1) medium (1 – 1000) and 
high (>1000) abundance in MSS, expressed in units of µg/kg-dw (Figure 8-3). Among 
the 123 compounds detected in this survey of 231 analytes, 12 showed low abundance, 
100 showed medium abundance, and 11 featured high abundance. The selection of the 
ceiling threshold of 1,000 µg/kg-dw is supported by European and U.S. regulations that 
focus on compounds occurring in excess of 1 mg/kg (ppm) in MSS (Iranpour et al., 
2004). Since tracking of the present-day production volume of chemicals used in 
commerce is difficult, ranking chemical abundance (as high, medium, and low) from 
concentrations detectable in process flows in WWTPs nationwide is a useful tool and 
particularly promising for compounds that are disposed of customarily into wastewater 
(e.g., TCC, an active ingredient in antimicrobial soaps).  
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PREDICTING CHEMICAL BODY BURDEN AND BIOACCUMULATION 
POTENTIAL OF CECS 
The national report on human exposure potential to environmental chemicals by 
the Center of Disease Control and Prevention (CDC) is one of the most comprehensive 
exposure assessments of environmental chemicals in the U.S. population. About 139 
organic chemicals have been detected in human blood, serum, urine, and tissue samples 
that represent the U.S. population (CDC, 2009). Chemical levels detected in humans 
reflect the amount of chemical that actually gets into the body by all routes of exposure 
(ingestion, inhalation, and dermal absorption) (CDC, 2009). When combining the number 
of chemicals detected in the present study with those detected in EPA’s national sewage 
sludge surveys, a total of 184 organic chemicals have been detected in nationwide 
representative MSS samples. Out of these, 52 chemicals have already been analyzed by 
CDC, with 36 detects and 16 non-detects in human samples (Figure 8-4a; Appendix 
Table A22). That is, about 70% of chemicals detected in MSS were also detected in 
humans. The 16 non-detect chemicals were all detected in MSS at levels <25 µg/kg-dw 
and fall into the categories of medium and low abundance compounds, indicating lower 
consumption rates. Out of the 36 detects, 34 chemicals were detected in human serum 
samples, and two (TCS and 1-Hydroxypyrene) were detected in urine samples. It is well 
established that the partitioning of hydrophobic chemicals to sludge is due to their 
association with the lipid fraction of microbial biomass (Moretti & Neufeld, 1989; 
Randall et al., 1991). This mechanism of partitioning is similar to the way these 
chemicals bioaccumulate in macroorganisms, wildlife and humans. Hence for 
comparison purposes, the lipid-normalized concentrations of the 34 analytes commonly 
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detected in human serum and MSS samples were plotted against each other (Figure 8-4b; 
Appendix Table A23). The plot revealed a linear trend (R2 = 0.62) suggesting a similarity 
in the relative exposure to these chemicals by humans and WWTPs. This relationship 
strengthens our hypothesis of using MSS matrix as an indicator to chemical exposure and 
body burden of human population, and suggests a need to investigate the occurrence in 
humans of not previously monitored chemicals detectable as persistent contaminants in 
MSS. 
 
Figure 8-4. (a) Comparison of organic chemicals detected in MSS (from present study 
and EPA’s national sludge survey together) and in human samples from the national 
report on human exposure to environmental chemicals study by CDC, representing the 
U.S. population. The hashed portion represents the common chemicals detected in both 
MSS and humans. (b) Comparison of lipid-normalized concentration of the 34 chemicals 
detected in human serum and MSS samples. Analytes with available geometric mean 
concentrations in human serum were compared with mean concentrations detected in 
MSS. For analytes with unavailable mean concentration in human serum, 95th percentile 
values were compared.  
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The approach of MSS analysis illustrated here additionally can serve as an early 
warning system for potentially bioaccumulative chemicals. Chemicals detected in MSS 
were categorized as bioaccumulative based on the criterion set by the Stockholm 
Convention, i.e., an n-octanol/water partitioning coefficient (KOW) of 105 or greater. 
Using this approach, 55 chemicals were identified as being potentially bioaccumulative; 
93% of which were halogenated, remarkably (Figure 8-3). Also, 14 out of the 55 
chemicals have already been detected in human samples reported elsewhere (Muller et 
al., 1998; Schecter et al., 1994; Schecter et al., 2003; Siepmann et al., 2003), thereby 
emphasizing the need to assess the body burden, toxicity and risk posed to human health 
by the remaining 31 chemicals. Of the 55 bioaccumulative chemicals, six were identified 
as highly abundant, 37 as having medium abundance and 12 as low-abundance chemicals 
with respect to their detection levels in MSS. The six highly abundant chemicals included 
three BFRs and three surfactants (BDE-99, BDE-209, BTBPE, NP, NP1EO, and 
NP2EO), which have been shown to bioaccumulate in aquatic animals (Servos, 1999; 
Shaw et al., 2008; Soares et al., 2008; Tomy et al., 2007). Although the abundant 
antimicrobials triclosan and triclocarban do not quite satisfy the criterion for 
bioaccumulation per se (log KOW of 4.9 for triclocarban and 4.6 for triclosan), they are 
known to bioaccumulate in aquatic organisms (Coogan et al., 2007; Fujii et al., 2007). 
Hence, a total of eight abundant chemicals are highlighted in Figure 8-3 as priority 
chemicals with respect to both abundance and bioaccumulation potential.  
Figure 8-3 additionally emphasizes the established fact that halogenated 
compounds are more hydrophobic and lipophilic when compared to non-halogenated 
compounds. This explains their dominance in the bioaccumulation region (Figure 8-3; top 
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right). It must also be noted that out of the 36 chemicals detected in both humans and 
MSS samples (Figure 8-4a), 35 chemicals (97%) were halogenated. An analysis of the 
compounds included in the U.S. Safe Drinking Water Act of the EPA shows that 74 
percent of regulated organic compounds carry one or more halogen substituent (U.S. 
EPA, 2012f). It is well known that the replacement of hydrogen with halogen atoms is 
positively correlated with a chemical’s size, hydrophobicity, persistence and toxicity (Li 
et al., 2003; McConnell et al., 1978; Neilson et al., 1991).  
CONCLUSIONS 
We conclude that hydrophobic chemicals of potential concern can be identified 
and prioritized for further investigation through the present approach. Chemical 
abundance in MSS should be interpreted as a multi-faceted, cumulative proxy to (i) 
current rate of chemical usage, (ii) resistance to biotransformation, and (iii) partitioning 
behavior (and thus bioaccumulation potential) as shown in this study. Additionally, 
chemicals sequestered in MSS act as an early warning system for determining  potential 
bioaccumulative chemicals and chemical body burden in population.  This ‘pre-
screening’ step effectively can reduce the several thousands of known or suspected 
hydrophobic CECs to a manageable list of priority chemicals. Furthermore, it also can 
serve to conveniently screen experimentally for transformation products of man-made 
and natural compounds which likely are persistent and bioaccumulative but for which 
production and environmental loading data are unavailable. From the present study, we 
infer that the eight compounds falling into the “most abundant” category have to be 
considered priority contaminant candidates from a public health perspective, deserving 
scrutiny with respect to their potential for exposure, bioaccumulation and potential 
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adverse health effects in biota, including humans. While the screening approach 
presented here provides important insights into the abundance and bioaccumulation 
potential of chemicals, it does not inform on chemical toxicity, which is critical for risk 
assessment of chemicals. Hence, for a comprehensive risk screening, chemicals emerging 
as a priority contaminant candidate from the present screening approach should further be 
evaluated with expert knowledge of their absorption, distribution, metabolism, and 
excretion (ADME) and their potential toxicity to humans and ecosystems. 
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CHAPTER 9 
RESEARCH IMPLICATIONS AND RECOMMENDATIONS 
MUNICIPAL SEWAGE SLUDGE (MSS) AS AN ‘ANALYTICAL TOOL’  
TO PRIORITIZE CECS 
The present study introduced the concept of deriving information about usage 
rate, persistence and bioaccumulation potential of CECs by analyzing sewage sludge 
from municipal WWTPs. This information can be used by risk assessors as a pre-
screening approach to conveniently identify and prioritize chemicals for further 
investigations.  In order to efficiently pre-screen for priority CECs, the scoring technique 
implemented by EPA’s Waste Minimization Prioritization Tool (WMPT) was adopted in 
this study (Figure 9-1). Since persistence is inherent in chemicals detected in MSS (as 
shown by the sludge/soil mesocosm experiments), only the consumption rate in terms of 
abundance in MSS, and bioaccumulation potential are scored on a scale from 1 to 3 (i.e., 
low to high concern). These scores are then added up to provide a single score (2 to 6), 
which can be used to compare chemicals and prioritize them for future investigation 
(toxicity and risk assessment). As opposed to making use of only physical-chemical 
properties to prioritize CECs as performed by WMPT, the proposed tool additionally 
incorporates the true abundance of the compound in the environment. For comparison 
purposes, the scores obtained from MSS analysis were compared to the scores established 
by EPA based on PBT characteristics of chemicals for prioritization (Table 9-1, Figure 9-
2). 
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Figure 9-1. Decision flowchart with criteria for pre-screening priority contaminants of 
emerging concern (CECs) using MSS analysis as a tool based on consumption rate and 
bioaccumulation potential of chemicals.  
The proposed approach does not provide any information on toxicity of 
chemicals. However for comparison purposes, the MSS analysis scores were added to the 
toxicity score based on EPA’s criteria and then were compared with the overall PBT 
scores that are used by EPA to prioritize CECs. The PBT scores and the estimated 
MSS+T scores for 57 chemicals detected with varying abundances in this study were 
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plotted against each other in an X-Y scatter plot (Figure 9-2). About 47.5% of the 
chemicals had the same scores from both approaches. About 42% of the chemicals had a 
PBT score within a range of ±1 of the MSS scores, with 14% underestimated (PBT score 
-1) and 28% overestimated (PBT score + 1) by the MSS analysis approach. However, 
10.5% of the chemicals’ MSS score were too high compared to the PBT scores. These 
include three surfactants (NP, NP1EO, NP2EO) and three PPCPs (triclosan, triclocarban, 
and ibuprofen). The difference in scores observed for these chemicals between the two 
approaches are due to the different method of determination of P and B scores (the same 
T score was used in both approaches).  
Table 9-1. EPA criteria for scoring chemicals based on PBT characteristics 
Characteristics Criteria Interpretationa 
Persistence  Half-life, days 
<60  
60 to 180  
>180  
 
Low (1) 
Medium (2) 
High (3) 
Bioaccumulation Bioconcentration factor  
<1000 
1000 to 5000 
>=5000 
 
Low (1) 
Medium (2) 
High (3) 
Toxicity Fish chronic toxicity, mg/L 
>10 
1 to 10 
<1 
 
Low (1) 
Medium (2) 
High (3) 
aThe EPA (PBT profiler) does not provide scores that are shown within parentheses. 
These scores were included in this study for comparison purposes.  
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The PBT approach scores the chemicals based on the criteria given in Table 9-1. 
For example, NP has a half-life of 140 days in the environment and a BCF of 120 leading 
to a P+B score of 3. However, the chemical has a fish chronic toxicity value of 0.006 
mg/L making it highly toxic (T score = 3). The drawback with the PBT approach is that 
the PBT Profiler does not consider the abundance or occurrence levels of these chemicals 
in the environment. NP is a HPV chemical and significant amounts of this chemical have 
been detected in environmental matrices. Additionally, the present study reveals a mean 
concentration of 534.2 mg/kg dw for NP in MSS, and is the most abundant chemical 
detected in this study out of 231 chemicals analyzed. Since it also has a KOW value of 
>105, the chemical qualifies as being “bioaccumulative” based on the criteria set by the 
Stockholm convention. For this reason, the MSS approach scores this chemical as a high 
priority chemical. The same reasoning holds true for the other five chemicals that were 
underestimated by the PBT approach. This suggests that the U.S. EPA’s PBT approach 
may be underestimating the risks associated with several chemicals. The present 
approach with the sets of criteria developed in this study potentially provides a more 
accurate inventory of prioritized CECs for future consideration. However, this tool (i.e., 
MSS analysis) is applicable only to hydrophobic compounds, specifically halogenated 
chemicals that represent 48% of the total chemicals detected in MSS. If one could 
analyze the aqueous phase (secondary influent and effluent) in a WWTP, a much wider 
range of chemicals that include hydrophilic compounds could also be screened in a 
similar way.  
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Figure 9-2. Comparison of scores obtained for 57 chemicals from the proposed MSS 
analysis approach and EPA’s PBT approach. P- persistence; B- bioaccumulation; T-
toxicity. PBT scores are based on values in Table 9-1, and are scored out of a total score 
of 9 (1-3 for each P, B, and T). MSS scores were obtained as shown in the decision flow 
chart in Figure 9-1. The toxicity scores from the PBT approach were added to MSS score 
for comparison purposes. The center line represents equal scores in both approaches, 
while the dotted line represents ±1deviation from the PBT score. The number next to the 
point corresponds to the number of chemicals satisfying that score value. The chemicals 
with significantly different scores are included next to the point in parenthesis. 
THE ENVIRONMENTAL HEALTH PARADIGM 
The data reported in the present study covers the first stage of the environmental 
health paradigm by identifying potentially problematic CECs (or agents) that are 
currently in circulation in the modern society (Figure 9-3). It is estimated that about 2000 
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new chemicals are introduced each year; i.e., at a rate of seven new chemicals a day 
(California Department of Toxic Substances Control, 2013). Identifying the culprits 
among these chemicals is time consuming and thus developing interventions through 
policies and laws may take several decades to prevent risks to humans and the 
environment. Tools like the approach presented in this dissertation may be helpful to 
speed up the early stages in the environmental health paradigm. The time step between 
identification of the agents of concern and intervention by policy and law could be further 
reduced by combining such tools with precautionary principles. Learning from the past 
may be the best solution to avoid certain chemicals that represent structurally and 
property-wise similar to chemicals that have been identified toxic and problematic in the 
past. For example, quantitative structure-activity relationship (QSAR) models are used 
currently by several agencies to predict the effects of new industrial chemicals on human 
health (Cronin et al., 2003a; Cronin, 2003b). Use of QSAR combined with information 
on the identity of new CECs from the present approach using MSS (that represent actual 
abundance and exposure potential of chemicals) may be a powerful tool to risk assessors 
and regulators.  
 
Figure 9-3. The environmental health paradigm. 
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LAND APPLICATION OF MUNICIPAL SEWAGE SLUDGE 
The U.S. EPA consider the practice of MSS land application ‘safe’ by regulating 
just nine toxic metals and pathogens in land applied MSS. Several researchers have 
pointed out that the rules and regulations of sludge treatment and land application 
adopted by U.S. EPA are based on outdated science and are insufficient to protect 
ecological and human health (Harrison et al., 1999; Harrison & Oakes, 2003; Lewis & 
Gattie, 2002). Results from the present study indicate similar concerns with respect to the 
presence of high amounts of organic CECs. There is a need for U.S. EPA to follow 
European Union regulations where several CECs including nonylphenol (and their 
ethoxylates) and other halogenated organic compounds are regulated in land-applied 
MSS (Iranpour et al., 2004). Shortages in staffing and budget constraints are often the 
cause for limiting the effort of monitoring land application, regulations and investigation 
of public concerns related to MSS in the U.S. (Harrison & Eaton, 2001). MSS are indeed 
rich in nutrients and land application is desirable from a disposal perspective, given the 
large amount of MSS produced in the U.S. The present study does not suggest an 
embargo of land application of MSS, but more restrictive use to decrease pollutant 
loading to and contamination of soils. 
RECOMMENDATIONS FOR FUTURE RESEARCH 
The present approach of analyzing MSS served to identify hydrophobic 
contaminants or chemicals that have the ability to partition to solids. If one could analyze 
other WWTP process flows (influent and effluent), other hydrophilic CECs also could be 
identified and screened in a similar manner. Hence, future research should be directed 
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towards analyzing treated wastewater effluent to identify hydrophilic and persistent CECs 
that survived the optimized secondary (biological) treatment system of WWTPs.  
A second line of research, which follows from Chapter 6, is to investigate the 
pathway through which nitrosamines occur in MSS. Chapter 6 reported the occurrence of 
hydrophilic nitrosamines in MSS. However, it is not clear whether their occurrence in 
sludge systems resulted from (i) partitioning of nitrosamines through electrostatic 
interactions with MSS or (ii) formation from precursor compounds during sludge 
treatment processes. Hence, (i) sorption experiments and (ii) collection and analysis of 
sludge samples from different sludge treatment systems are recommended to understand 
the fate and occurrence of nitrosamines in MSS.    
Chapter 8 identified 42 potentially bioaccumulative chemicals in MSS. Given the 
overlap of contaminant profile in MSS and humans (as shown in Figure 8-4), research is 
needed to analyze for these chemicals in human samples.  
The present approach was found to be valid for providing nationwide inventories 
of hydrophobic CECs. The analytical tool developed in the study, however, has several 
unknown parameters that include WWTPs characteristics, contaminant sources, 
population served, and geographic locations. Hence, the proposed approach of 
extrapolating the concept of sewage epidemiology to include MSS needs to be validated 
in an environment where most of the variables are identified. Future research should be 
directed towards validating this approach in a community with a defined population, 
known contaminants sources, usage rates, population served and other WWTPs 
characteristics. Representative human samples from the population should be additionally 
analyzed in order to compare chemical levels in MSS and chemical body burdens in 
142 
humans. A correlation between chemicals detected in MSS and human samples, if 
undertaken and informed by the above research, could strengthen the analytical tool 
developed in this dissertation and may enable risk assessors and regulatory agencies to 
integrate this approach of analyzing MSS as a pre-screening tool in chemical risk 
assessment process. 
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Figure A2. LC-MS/MS chromatograms of standards, sample extracts and matrix spike 
samples of seven detected N-nitrosamines. Number next to the peak represent the 
retention time of the analyte in minutes. 
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Figure A3. Partition coefficient vs. detection frequency of N-nitrosamines in biosolids, 
showing a linear trend - the R2 was 0.87 when NDBA (orange data point) was considered 
an outlier. Log KOW values: NDMA = -0.5; NMEA = 0.01; NDEA = 0.51; NDPA = 1.54; 
NDBA = 2.56; NPYR = -0.1; NPIP = 0.44; NDPhA = 3.13.  
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Figure A4. Spatial variation of N-nitrosamines concentration in U.S. biosolids. The 
variable ‘n’ is the total number of samples analyzed in the respective region. Number 
next to the bar depict the number of detects in the respective region. Error bars represent 
minima and maxima. 
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Table A1. AP & APEOs analyte ions and surrogates used 
 
Analytes Quantification 
Ion (M/Z) 
Confirmation 
Ion (M/Z) 
Surrogate 
4-Nonylphenol 177, 191, 163 135, 149, 205, 
121 
13C6-p-nonylphenol 
4-Nonylphenol 
monoethoxylate 
221, 235, 249 135, 149, 163 13C6-p-nonylphenol 
4-Nonylphenol 
diethoxylate 
135, 149, 293 265, 279, 163, 
307 
13C6-p-nonylphenol 
diethoxylate 
4-n-Octylphenol 206 248, 107 13C6-p-nonylphenol 
Recovery standard 
d10-Pyrene 212 210 - 
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Table A2. Detection limit, recoveries and analysis precision of AP & APEOs 
 
Compound Detection 
Limit 
(µg/kg) 
Matrix Spike Recovery 
(%) 
Relative Percentage Difference (RPD 
%) 
Sewage 
Sludge 
Sludge/soil 
mixture 
Sewage Sludge Sludge/soil 
mixture 
Blinded 
Duplicate 
Non-
blinded 
Duplicate 
Non-
blinded 
Duplicate 
NP 1.6 105 84.3 1.5 22.6 4.3 
NP1EO 12.2 92.4 91.9 6.2 6.5 7.7 
NP2EO 33.9 106 98.5 9.9 23.9 2.3 
OP 1.1 93.9 91.3 - - - 
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Table A3. Production volume of the most abundant compounds detected in biosolids  
 
Compounds Production Volume 
(Metric Tonnes/year) 
Reference 
4-Nonylphenol 139 890 (Chemical market 
reporter, 2001) 
4-Nonylphenol Ethoxylates 111 912 (Chemical market 
reporter, 2001) 
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Table A4. Concentration of NP in sewage sludge samples from different countries. 
Country Mean Concentration 
(mg/kg) 
No. of Sludge 
Samples 
Reference 
Canada 470±22 6 (H. B. Lee & Peart, 
1995) 
Greece 36.7±39 5 (Fountoulakis et al., 
2005; Gatidou et al., 
2007) 
Spain 288±390 23 (Aparicio et al., 
2007; González et al., 
2010) 
Sweden 1.4±2.8 2 (Ejlertsson et al., 
1999) 
Switzerland 1010±520 30 (Giger et al., 1984) 
USA (other studies) 407±385 34 (La Guardia et al., 
2001; Xia & Jeong, 
2004; Xia et al., 
2010) 
USA national 
baseline 
534±192 5 composites (from 
94 sludge samples) 
Present study 
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Table A5. Facilities sampled in the 2001 national sewage sludge survey 
Facility name City State Facility name City State 
Sacramento Regional WWTP Elk Grove CA Metropolitan Council – 
Metro 
Saint Paul MN 
Fallbrook Public Utility 
District 
Fallbrook CA Crocker WWTP Crocker MO 
Manteca WQCF Manteca CA Mason Farm WTP Carrboro NC 
Central Contra Costa Sanitary 
District 
Martinez CA Whiteville WWTP Whiteville NC 
Fairfield Suisun Sewer 
District 
Suisun city CA Burwell WWTF Burwell NE 
Boulder – 75th St WWTP Boulder CO Middletown Sewerage 
Authority 
Belford NJ 
Steamboat Springs Steamboat 
Springs 
CO Joint Meeting Sewage 
Treatment 
Elizabeth NJ 
Rocky Hill WPCP Hartford CT Passaic Valley Sewerage 
Commision 
Newark NJ 
Waterbury WPCF Waterbury CT Bowery Bay WPC Corona 
Queens 
NY 
DC WASA (Blue Plains) Washington DC Hunt’s Point WPC Corona 
Queens 
NY 
Mulberry STP Mulberry FL Cayuga Heights WWTP Ithaca NY 
Escambia County – Main 
Street WTP 
Pensacola FL Brewster WWTP Mahopac NY 
St. Petersburg SW Treatment 
Plant 
St. Petersburg FL NEORSD – Southerly Cleveland OH 
Sunrise Sweage Treatment 
Plant No. 1 
Sunrise FL Brentwood Estates STP #24 Cuyahoga 
Falls 
OH 
R.M. Clayton WPCP Atlanta GA Delphos Delphos OH 
Buford Westside WPCP Buford GA Massillon  Massillon OH 
Cartersville WPCP Cartersville GA North Olmsted North 
Olmsted 
OH 
Dekalb Co – Snapfinger Cr 
WPCP 
Decatur GA Port Clinton Port Clinton OH 
Garden City WPCP Garden City GA Twin Lakes WWTP Ravenna OH 
Gwinnett Co Jackson Cr Lilburn GA Thornville Thornville OH 
Ocmulgee WPCP Warner Robins GA West Carrollton  West 
Carrollton 
OH 
Boise Boise ID Blackwell Blackwell OK 
Belleville STP #1 Belleville IL Lebanon Lebanon OR 
MWRDGC Stickney STP Cicero IL Portland Portland OR 
Jacksonville STP Jacksonville IL Burnham STP Burnham PA 
Morris STP Morris IL Downingtown Area Regional 
Authority 
Downingtow
n 
PA 
Tolono STP Westville IL Girard Boro Girard PA 
Evansville STP – Westside Evansville IN Kiski Valley Water Pollution 
Control 
 
Leechburg PA 
Frankton Municipal STP Frankton IN Philadelphia Water Dept 
(SW) 
Philadelphia PA 
Hammond Municipal STP Hammond IN Philadelphia Water Dept 
(NE) 
Philadelphia PA 
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Facility name City State Facility name City State 
Muncie Sanitary District Muncie IN Allengheny County Sanitary 
Authority 
Pittsburgh PA 
Terre Haute Municipal STP Terre Haute IN Narragansett Bay 
Commission – Bucklin 
Providence RI 
Union city Municipal STP Union City IN Florence – Pee Dee River 
Plant 
Florence SC 
Oakland STP Topeka KS WCRSA/Pelham WWTF Greenville SC 
Shepherdsville STP Shepherdsville KY Brooking Brookings SD 
Billerica WWTP Billerica MA Sioux Falls Sioux Falls SD 
Fall River WWTF Fall River MA Andrews STP Andrews TX 
Medfield WWTP Medfield MA Del Rio – San Felipe Del Rio  TX 
Pittsfield WWTP Pittsfield MA Navasota, Grimes Co. STP Navasota TX 
Patapsco WWTP Baltimore MD Orange, Jackson St WWTP Orange TX 
South Portland WPCF South Portland ME Brazos River Authority 
(Waco) 
Waco TX 
Dowagiac WWTP Dowagiac MI Fredericksburg City STP Fredericksbu
rg 
VA 
Iron Mountain – Kingsford 
WWTP 
Kingsford MI Augusta County Service 
Authority 
Verona VA 
Genesee County – Ragnone 
WWTP 
Montrose MI HRSD – James River STP Virginia 
Beach 
VA 
Port Huron WWTP Port Huron MI HRSD – 
Chesapeake/Elizabeth STP 
Virginia 
Beach 
VA 
Wyandotte WWTP Wyandotte  MI Metropolitan King County Renton WA 
Western Lake SSD Duluth MN Greenbrier County PSD No 2 Rainelle WV 
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Table A6. Analytical results of PFASs in biosolids-amended soil mesocosms. 
 
Compound Day Matrix 
Spike 
Recovery 
(%) 
Non 
Blinded 
RPD 
(%) 
Method 
Detection 
Limit 
(ng/g) 
57 115 520 859 995 
PFBA 0.9 0.4±0.01 0.2 0.4 <MDL 99.9 1.4 0.06 
PFPeA 3.2 0.7±0.2 0.3 1.1 0.2±0.05 94.5 8.0 0.05 
PFHxA 5.2 1.4±0.6 0.4 1.6 0.4±0.03 106 0.96 0.04 
PFHpA 2.9 1.2±0.2 0.5 1.4 0.8±0.04 96.3 5.3 0.05 
PFOA 24.1 10.7±0.4 4.4 6.8 7.2±1.6 114 5.6 0.04 
PFNA 3.8 2.9±0.4 2.6 3.6 5.3±1.4 103 12.4 0.08 
PFDA 17.4 13.8±0.4 17.4 19.4 23.2±4.8 107 2.4 0.05 
PFUnDA 18.4 9.9±0.4 13.1 10.7 14.9±4.4 125 6.8 0.03 
PFDoDA 2.5 2.5±0.2 4.1 5.1 5.3±1.6 102 2.5 0.04 
PFOS 13.2 7.2±0.7 10.9 10.4 13.2±2.9 101 5.6 0.14 
PFOSA 0.6 0.78±0.03 0.9 1.3 1.9±0.7 107 3.8 0.08 
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Table A7. Estimated rate constants, half-lives and R2 values for PFASs in biosolids-
amended soil mesocosms. 
 
Compound First-order fit Second-order fit 
R2 k1  
(day-1) 
Mean t1/2 
(days) 
R2 k2  
[(day-1)(ng/g)-1] 
Mean t1/2 
(days) 
Compounds featuring loss from soil 
PFBA 0.54 0.0018 385 0.48 0.0105 107 
PFPeA 0.37 0.0017 408 0.4 0.0035 88 
PFHxA 0.38 0.0017 408 0.3 0.0016 120 
PFHpA 0.26 0.0008 866 0.15 0.0006 577 
PFOA 0.44 0.001 693 0.31 0.00009 461 
Compounds featuring an increase in concentration 
 R2 kf  
(day-1) 
Mean t1/2 
(days) 
R2 kf 
[(day-1)(ng/g)-1] 
Mean t1/2 
(days) 
PFDA 0.7 0.0004 N/A 0.67 0.00002 N/A 
PFDoDA 0.97 0.0009 N/A 0.95 0.0002 N/A 
PFOSA 0.91 0.0011 N/A 0.87 0.0011 N/A 
k1, k2 – ‘Apparent’ rate constants for compounds featuring loss from soil 
kf  –‘Apparent’ formation rate constants for compounds featuring an increase in concentration 
t1/2 – Half-life 
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Table A8. Brominated flame retardants analytes, ions, retention time, 
and quantification references 
 
 
 
 
 
 
Compound IUPAC 
NO. 
Retention Time  
(mm:ss) 
Quantification 
Reference 
Mass 1 
(m1) 
Mass 2 
(m2) 
m1/m2 
ratio 
Ion Ratio 
Limits 
2,6-DiBDE 10 15:48 13C12-BDE-15 325.9 327.9 0.51 0.43 - 0.59 
2,4-DiBDE 7 16:59 13C12-BDE-15 325.9 327.9 0.51 0.43 - 0.59 
2,4’-DiBDE/3,3-DiBDE C 8/11 17:32 13C12-BDE-15 325.9 327.9 0.51 0.43 - 0.59 
3,4-DiBDE 12 17:50 13C12-BDE-15 325.9 327.9 0.51 0.43 - 0.59 
3,4’-DiBDE 13 17:54 13C12-BDE-15 325.9 327.9 0.51 0.43 - 0.59 
4,4’-DiBDE 15 18:18 13C12-BDE-15 325.9 327.9 0.51 0.43 - 0.59 
2,4,6-TrBDE 30 20:26 13C12-BDE-28 405.8 407.8 1.03 0.88 - 1.18 
2,4’,6-TrBDE 32 21:45 13C12-BDE-28 405.8 407.8 1.03 0.88 - 1.18 
2,2’,4-TrBDE 17 22:11 13C12-BDE-28 405.8 407.8 1.03 0.88 - 1.18 
2,3’,4-TrBDE 25 22:17 13C12-BDE-28 405.8 407.8 1.03 0.88 - 1.18 
2,4,4’-TrBDE/2’,3,4-TrBDE C 28/33 22:49 13C12-BDE-28 405.8 407.8 1.03 0.88 - 1.18 
3,3’,4-TrBDE 35 23:14 13C12-BDE-28 405.8 407.8 1.03 0.88 - 1.18 
3,4,4’-TrBDE 37 23:41 13C12-BDE-28 405.8 407.8 1.03 0.88 - 1.18 
2,4,4’,6'-TeBDE 75 26:04 13C12-BDE-47/77 483.7 485.7 0.7 0.6 - 0.81 
2,2’,4,6’-TeBDE 51 26:12 13C12-BDE-47/77 483.7 485.7 0.7 0.6 - 0.81 
2,2’,4,5’-TeBDE 49 26:25 13C12-BDE-47/77 483.7 485.7 0.7 0.6 - 0.81 
2,3’,4’,6-TeBDE 71 26:33 13C12-BDE-47/77 483.7 485.7 0.7 0.6 - 0.81 
2,2’,4,4’-TeBDE 47 27:05 13C12-BDE-47 483.7 485.7 0.7 0.6 - 0.81 
3,3’,4,5’-TeBDE 79 27:26 13C12-BDE-47/77 483.7 485.7 0.7 0.6 - 0.81 
2,3’,4,4’-TeBDE 66 27:40 13C12-BDE-47/77 483.7 485.7 0.7 0.6 - 0.81 
3,3’,4,4’-TeBDE 77 28:34 13C12-BDE-77 483.7 485.7 0.7 0.6 - 0.81 
2,2’,4,4’,6-PeBDE 100 30:10 13C12 BDE-100 563.6 565.6 1.03 0.88 - 1.18 
2,3’,4,4’,6-PeBDE/ 
2,3’,4,5,5’- PeBDE C 
119/120 30:28 13C12-BDE-99/100/126 563.6 565.6 1.03 0.88 - 1.18 
2,2’,4,4’,5-PeBDE 99 31:04 13C12-BDE-99 563.6 565.6 1.03 0.88 - 1.18 
2,3,4,5,6-PeBDE 116 31:19 13C12-BDE-99/100/126 563.6 565.6 1.03 0.88 - 1.18 
2,2’,3,4,4’-PeBDE 85 32:34 13C12-BDE-99/100/126 563.6 565.6 1.03 0.88 - 1.18 
3,3’,4,4’,5-PeBDE 126 32:51 13C12-BDE-126 563.6 565.6 1.03 0.88 - 1.18 
2,3,3’,4,4’-PeBDE 105 33:08 13C12-BDE-99/100/126 563.6 565.6 1.03 0.88 - 1.18 
2,2’,4,4’,6,6’-HxBDE 155 32:50 13C12-BDE-153/154 641.5 643.5 0.77 0.65 - 0.89 
2,2’,4,4’,5’,6-HxBDE 154 33:28 13C12-BDE-154 641.5 643.5 0.77 0.65 - 0.89 
2,2’,4,4’,5,5’-HxBDE 153 34:3 13C12-BDE-153 641.5 643.5 0.77 0.65 - 0.89 
2,2’,3,4,4’,6’-HxBDE 140 35:20 13C12-BDE-153/154 641.5 643.5 0.77 0.65 - 0.89 
2,2’,3,4,4’,5’-HxBDE/ 
2,3,4,4’,5,6-HxBDE C 
138/166 36:09 13C12-BDE-153/154 641.5 643.5 0.77 0.65 - 0.89 
2,2’,3,3’,4,4’-HxBDE 128 37:43 13C12-BDE-153/154 641.5 643.5 0.77 0.65 - 0.89 
2,2',3,4,4',5’,6-HpBDE 183 37:58 13C12-BDE-183 721.4 723.4 1.03 0.88 - 1.18 
2,2’,3,4,4’,5,6-HpBDE 181 39:40 13C12-BDE-183 721.4 723.4 1.03 0.88 - 1.18 
2,3,3’,4,4’,5,6-HpBDE 190 39:54 13C12-BDE-183 721.4 723.4 1.03 0.88 - 1.18 
2,2’,3,4,4’,5,6,6’-OcBDE/ 
2,2’,3,3’,4,4’,6,6’-OcBDE C 
204/197 41:44 13C12-BDE-197 799.4 801.3 0.82 0.7 - 0.94 
2,2’,3,4,4’,5,5’,6-OcBDE 203 42:15 13C12-BDE-197 799.4 801.3 0.82 0.7 - 0.94 
2,3,3’,4,4’,5,5’,6-OcBDE 205 43:07 13C12-BDE-197 799.4 801.3 0.82 0.7 - 0.94 
2,2’,3,3’,4,5,5’,6,6’-NoBDE 208 45:32 13C12-BDE-197 879.3 881.3 1.03 0.88 - 1.18 
2,2’,3,3’,4,4’,5,6,6’-NoBDE 207 45:52 13C12-BDE-197 879.3 881.3 1.03 0.88 - 1.18 
2,2’,3,3’,4,4’,5,5’,6-NoBDE 206 46:32 13C12-BDE-197 879.3 881.3 1.03 0.88 - 1.18 
DeBDE 209 50:20 13C12-BDE-209 957.2 959.2 0.86 0.73 - 0.99 
 
Non-BDE 
PBEB  23.37 13C6-HBB 484.6 486.6 1.03 0.77-1.29 
HBB  25.52 13C6-HBB 470.6 468.6 1.95 1.46-2.44 
BTBPE  38.59 13C12-BTBPE 687.6 689.6 1.36 1.02–1.70 
DBDPE  53.35 13C14-DBDPE 971.2 973.2 1.23 0.92-1.54 
C
 Co-eluting congener 
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Table A9. Polybrominated biphenyls analytes, ions, and quantification references 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Native PBB IUPAC No. Quant. Ion Conf. Ion Ion Ratio  Surrogate 
2-monoBB 1 231.98 233.98 1.02 13C12-3,4,4’-Trichloro Biphenyl (TriCB) 
3-MonoBB 2 231.98 233.98 1.02 13C12 -3,4,4’-TriCB 
4-MonoBB 3 231.98 233.98 1.02 13C12 -3,4,4’-TriCB 
2,4-DiBB   7 309.89 311.89 0.51 13C12 -3,4,4’-TriCB 
2,5-DiBB 9 309.89 311.89 0.51 13C12 -3,4,4’-TriCB 
2,6-DiBB 10 309.89 311.89 0.51 13C12 -3,4,4’-TriCB 
4,4’-DiBB 15 309.89 311.89 0.51 13C12 -3,4,4’-TriCB 
2,2’,5-TriBB 18 309.89 311.89 1.02 13C12-2,3,3’,4,4’-PentaCB 
2,3’,5-TriBB 26 389.8 391.8 1.02 13C12-2,3,3’,4,4’-PentaCB 
2,4,6-TriBB 30 389.8 391.8 1.02 13C12-2,3,3’,4,4’-PentaCB 
2,4’,5-TriBB 31 389.8 391.8 1.02  13C12-2,3,3’,4,4’-PentaCB 
3,4,5-TriBB 38 389.8 391.8 1.02 13C12-2,3,3’,4,4’-PentaCB 
2,2’,4,5’-TetraBB 49 389.8 391.8 0.69 13C12 -2,2’,3,4,4’,5,5’-HeptaCB 
2,2’,5,5’-TetraBB 52 467.7 469.7 0.69 13C12 -2,2’,3,4,4’,5,5’-HeptaCB 
2,2’,5,6’-TetraBB 53 467.7 469.7 0.69 13C12 -2,2’,3,4,4’,5,5’-HeptaCB 
3,3’,5,5’-TetraBB 80 467.7 469.7 0.69 13C12 -2,2’,3,4,4’,5,5’-HeptaCB 
2,2’,4,5,5’-PentaBB 101 547.6 549.6 1.02 13C12 -2,2’,3,4,4’,5,5’-HeptaCB 
2,2’,4,5’,6-PentaBB 103 547.6 549.6 1.02 13C12 -2,2’,3,4,4’,5,5’-HeptaCB 
2,2’,4,4’,5,5’-HexaBB 153 625.5 627.5 0.77 13C12-22’33’44’55’66’-DecaCB 
2,2’,4,4’,6,6’-HexaBB 155 625.5 627.5 0.77 13C12-22’33’44’55’66’-DecaCB 
3,3’,4,4’,5,5’-HexaBB 169 625.5 627.5 0.77 13C12-22’33’44’55’66’-DecaCB 
Labeled Surrogate Standard        Recovery Calculated Against   
13C12 -3,4,4’-TriCB 37L 268.0 269.9 1.04 13C12-2,2’,5,5’-TetraCB 
13C12-2,3,3’,4,4’-PentaCB 105L 337.9 339.9 1.55 13C12-2,2’,5,5’-TetraCB 
13C12 -2,2’,3,4,4’,5,5’-HeptaCB 180L 405.8 407.8 1.05 13C12-2,2’,3,4,4’,5’-HexaCB 
13C12-22’33’44’55’66’-DecaCB 209L 509.7   511.7 1.17 13C12-2,2’,3,4,4’,5’-HexaCB 
Labeled Recovery Standard       
13C12-2,2’,5,5’-TetraCB 52L 301.9 303.9 0.77   
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Table A10. Hexabromocyclododecane ions, and quantification references 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Target Analyte Retention Time 
(min) 
Precursor 
Ion Mass 
Product Ion 
Mass 
Quantified Against 
alpha-Hexabromocyclododecane (HBCDD) 10.5 640.6 79/811 13C12-alpha-HBCDD 
beta-HBCDD 11.0 640.6 79/811 13C12-beta-HBCDD 
gamma-HBCDD 11.8 640.6 79/811 13C12-gamma-HBCDD 
Surrogate Standards 
13C12-alpha-HBCDD 10.5 640.6 79/811 d18-alpha-HBCDD 
13C12-beta-HBCDD 11.0 640.6 79/811 d18-alpha-HBCDD 
13C12-gamma-HBCDD 11.8 640.6 79/811 d18-alpha-HBCDD 
Recovery Standard 
d18-alpha-HBCDD 10.2 657.6/659.62 79/811 External 
 
186 
Table A11. Acceptance criteria for calibration, ongoing precision and recovery (OPR) 
and sample recovery 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Compound Initial 
calibration 
Calibration verification OPR  Test Samples 
 %RSD of RRFs % Actual Concentration % Actual 
Concentration 
% Recovery 
Warning Limit 
for Opening 
CAL-VER 
Acceptance Limit 
for Opening and 
Closing CAL-
VER 
 Warning Limit Acceptance Limit EPA 1614 Limits 
Native Compound 
BDE 28 <20% - 70-130 50-150 - -  
BDE 47 <20% - 70-130 50-150 - -  
BDE 99 <20% - 70-130 50-150 - -  
BDE 100 <20% - 70-130 50-150 - -  
BDE 153 <20% - 70-130 50-150 - -  
BDE 154 <20% - 70-130 50-150 - -  
BDE 183 <20% - 70-130 50-150 - -  
BDE 209 <20% - 70-130 50-150 - -  
Surrogate standards 
13C12-BDE-15 <35% 70-130 50-150 30-200 40-150 25-200 - 
13C12-BDE-28 <35% 70-130 50-150 30-200 40-150 25-200 25-150 
13C12-BDE-47 <35% 70-130 50-150 30-200 40-150 25-200 25-150 
13C12-BDE-77 <35% 70-130 50-150 30-200 40-150 25-200  
13C12-BDE-99 <35% 70-130 50-150 30-200 40-150 25-200 25-150 
13C12-BDE-100 <35% 70-130 50-150 30-200 40-150 25-200 25-150 
13C12-BDE-126 <35% 70-130 50-150 30-200 40-150 25-200  
13C12-BDE-153 <35% 70-130 50-150 30-200 40-150 25-200 25-150 
13C12-BDE-154 <35% 70-130 50-150 30-200 40-150 25-200 25-150 
13C12-BDE-183 <35% 70-130 50-150 30-200 40-150 25-200 25-150 
13C12-BDE-197 <35% 70-130 50-150 30-200 40-150 25-200  
13C12-BDE-209 <100% Not quantified Not quantified 10-200 20-200 10-400 25-150 
Cleanup Standard 
13C12-BDE-139 <35% 70-130 50-150 30-200 40-150 25-200 30-135 
Field Standard 
13C12-BDE-138 <35% 70-130 50-150 30-200 - 50-1250 - 
RSD- Relative standard deviation 
RRF – Relative response factor 
CAL-VER – calibration verification solution 
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Table A12. Recovery, Relative Percentage Difference (RPD) and estimated half-life of 
PBDEs in biosolids/soil mixture time-series samples 
 
Compound Spiked Matrix Recovery 
(%) 
RPD (%) Half-life (days) 
BDE-7   231 
BDE-8/11   347-385 
BDE-12/13   990 
BDE-15  5.3 231 
BDE-17/25   224-248 
BDE-28/33 101  248-330 
BDE-35   248 
BDE-37   239-495 
BDE-47 105 9.2 >990 
BDE-49  15  
BDE-51    
BDE-66    
BDE-71    
BDE-75    
BDE-79   >770 
BDE-85    
BDE-99 119 31  
BDE-100 109 18  
BDE-119/120    
BDE-138/166  12  
BDE-140    
BDE-153 103 30  
BDE-154 103 23  
BDE-155  12  
BDE-181    
BDE-183 105 12  
BDE-190    
BDE-203  33  
BDE-206  23  
BDE-207  30  
BDE-208  36  
BDE-209 155 17  
PBEB 80.2   
HBB 77   
BTBPE 76.2   
RPDs for non-detect analytes were not calculated 
A range of first-order half-life was estimated from minimum and maximum concentration for analytes that 
showed observable loss 
 
 
 
 
 
188 
Table A13. Concentration of analytes detected in lab blank 
 
Compound Biosolids Composite Analysis Biosolids/Soil Mixture Analysis 
Lab 
Blank 
(pg/g) 
Sample 
(pg/g) 
Ratio 
(Blank/ 
Sample) 
Lab Blank 
(pg/g) 
Sample Day 
57 (pg/g) 
Ratio 
(Blank/ 
Sample) 
BDE-203    7.45 190000 25503 
BDE-206 14.2 586600 41310 40.4 4350000 107673 
BDE-207 23.5 663000 28213 68.1 3330000 48899 
BDE-208 16 409400 25588 41.1 2280000 55474 
BDE-209 179 5360000 29944 547 17100000 31261 
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Table A14. Physical/chemical properties of PBDEs 
 
Compound Kow MW Vapor 
Pressure 
(Torr) 
Solubility 
(g/L at 
pH 7) 
BDE-28 6.31 406.9 2.32E-05 7.70E-04 
BDE-47 6.68 485.79 4.19E-06 2.50E-04 
BDE-66 7.47 485.79 1.07E-06 2.10E-04 
BDE-85 8.02 564.69 1.67E-07 7.30E-05 
BDE-99 7.31 564.69 2.46E-07 6.20E-05 
BDE-100 8.03 564.69 9.57E-07 7.30E-05 
BDE-138 8.82 643.58 9.02E-09 1.90E-05 
BDE-153 7.93 643.58 1.35E-08 1.60E-05 
BDE-154 8.83 643.58 5.64E-08 1.90E-05 
BDE-183 9.49 722.48 2.69E-09 5.60E-06 
BDE-209 12.1 959.17 1.64E-12 1.40E-07 
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Table A15. List of wastewater treatment plants (WWTPs) sampled for the targeted 
national sewage sludge survey by U.S. EPA 
WWTP Flow in 
MGD 
City State 
Sugar Creek WWTP 1<F<10 Alexander City  AL 
Aldridge Creek WWTP   1<F<10 Huntsville  AL 
Phoenix WWTP  10<F<100 Phoenix  AZ 
Valley Sanitary District STP   1<F<10 Indio  CA 
San Francisco   F>100 San Francisco  CA 
El Estero WWTP  1<F<10  Santa Barbara  CA 
Santa Rosa  1<F<10 Santa Rosa  CA 
Stockton Water Quality Plant  F>100 Stockton   CA 
Los Angeles County Sanitation District   10<F<100 Whittier CA 
Boulder WWTP  1<F<10 Boulder CO 
South Windsor  1<F<10 South Windsor  CT 
Three Oaks WWTF  1<F<10  Estero  FL  
Orange County Northwest WRF  1<F<10 Orlando  FL  
Tampa  1<F<10  Tampa  FL  
Albany   10<F<100 Albany  GA 
Americus-Mill Creek   1<F<10 Americus  GA 
Boone STP  1<F<10 Boone  IA 
Calumet Water Reclamation Plant  F>100 Chicago  IL 
Plainfield WWTP  1<F<10  Plainfield   IL 
Lake County DPW, New Century STP   1<F<10 Vernon Hills  IL 
Dupage County-Knollwood STP  1<F<10 Wheaton  IL 
Blucher Poole WWTP  1<F<10 Bloomington  IN 
William Ross Edwin WWTP  10<F<100 Richmond  IN 
Parsons   1<F<10 Parsons  KS 
Topeka  10<F<100 Topeka  KS 
Mayfield WWTP  1<F<10   Mayfield  KY 
Eunice  1<F<10 Eunice  LA 
Jefferson Parish East Bank WWTP  1<F<10 Marrero  LA 
Nantucket   1<F<10  Nantucket  MA 
Salisbury  1<F<10 Salisbury   MD 
Mechanic Falls Treatment Plant  1<F<10 Mechanic Falls      ME 
Benton Harbor-St. Joseph WWTP  1<F<10  St. Joseph  MI 
Wixom WTP  1<F<10 Wixom  MI 
Festus Crystal City STP   1<F<10 Crystal City  MO 
Elizabeth City WWTP  1<F<10 Elizabeth City  NC 
Hillsborough WWTP  1<F<10  Hillsborough  NC 
Beatrice  1<F<10 Beatrice NE 
Wildwood Lower WTF  10<F<100 Cape May Court 
House 
NJ 
Middlesex County Utility Authority WRC  F>100 Sayreville  NJ 
Verona TWP DPW   1<F<10  Verona  NJ 
Buffalo  F>100 Buffalo  NY 
Canajoharie WWTP   1<F<10 Canajoharie  NY 
Geneva A-C Marsh Creek STP  1<F<10  Geneva  NY 
NYC DEP - Jamaica WPCP   10<F<100 New York City  NY 
North Tonawanda STP  1<F<10 North Tonawanda  NY 
Clermont County Commissioners  1<F<10  Batavia  OH 
Bedford   1<F<10 Bedford  OH 
Metropolitan Sewer District Little Miami  10<F<100  Cincinnati  OH 
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Northeast Ohio Regional Sewerage District Southerly F>100  Cleveland  OH 
Delaware County Alum Creek WWTP   1<F<10 Delaware  OH 
Mingo Junction STP  1<F<10 Mingo Junction  OH 
Duncan Public Utilities Authority   1<F<10  Duncan  OK 
City of Klamath Falls WWTF  1<F<10 Klamath Falls  OR 
Western Westmoreland Municipal Authority  1<F<10 Irwin  PA 
Allegheny County Sanitary Authority  1<F<10 Pittsburgh  PA 
Greater Pottsville Area Sewer Authority  1<F<10 Pottsville  PA 
Punxsutawney  1<F<10 Punxsutawney  PA 
South Kingstown WWTF  1<F<10 Narragansett  RI 
Plum Island WWTP  10<F<100 Charleston  SC 
Lawson Fork WTP   1<F<10  Spartanburg  SC 
Elizabethton  1<F<10 Elizabethton  TN 
Amarillo  10<F<100  Amarillo  TX 
Dallas Southside WWTP  F>100 Dallas  TX 
Trinity River Authority of Texas  1<F<10 Ellis County  TX 
Fredericksburg  1<F<10 Fredericksburg TX 
Odo J. Riedel Regional WWTP  1<F<10  Schertz  TX 
Wagner Creek WWTP   1<F<10 Texarkana  TX 
Tyler Southside WTP 1<F<10 Tyler  TX 
Spanish Fork City Corporation  1<F<10 Spanish Fork  UT 
Buena Vista  1<F<10 Buena Vista  VA 
Everett City SVC Center MVD  10<F<100 Everett  WA 
Beaver Dam  1<F<10 Beaver Dam  WI 
Elkins WWTP  1<F<10 Elkins  WV 
Huntington  10<F<100 Huntington  WV 
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Table A16. LC-ESI-MS/MS parameters for analysis of N-nitrosamines 
MS/MS parameter 
Ion source Positive electrospray ionization 
Collision Gas  6 
Curtain Gas 50 
Ion source Gas 1 80 
Ion Source Gas 2 70 
Ion Spray Voltage 4500 V 
Source Gas 
Temperature 
700 oC 
 
Analyte Parent 
ion 
(m/z) 
Product 
ion 
(m/z) 
Declustering 
potential 
(V) 
Exit 
Potential 
(V) 
Collision 
Energy 
(V) 
Collision 
Cell Exit 
Potential 
(V) 
Retention 
Time 
(min) 
NDMA 75 43 51 10 25 2 5.34 
NMEA 89 61 51 10 17 10 5.86 
NDEA 103 75 51 10 17 12 6.65 
NDPAa 131 
131 
89 
43 
51 10 17 8 8.82 
NDBAa 159 
159 
103 
57 
56 10 17 8 11.18 
NPYR 101 55 61 10 23 8 5.64 
NPIPa 115 
115 
69 
41 
61 10 23 12 6.73 
NDPhAa 199 
199 
169 
168 
56 10 17 8 11.16 
Deuterated isotopes 
NDMA-d6 81 46 51 10 25 2 5.35 
NDPA-d14 145 50 51 10 17 8 8.76 
NPIP-d10 125 78 61 10 23 12 6.70 
NDPhA-d6 205 175 56 10 17 8 11.11 
aTwo different transitions were used for these analytes for quantification and identification  
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Table A17. List of Sampling Sites and Site Characteristics 
 
Station Name Sampling Date 
Sampling 
Time 
Site 
Type 
Air 
pressure 
(mm/Hg) 
Air 
Temp 
(oC) 
Fraction of 
Organic 
Carbon in 
Sediment  
(fOC) 
Distance of 
sampling 
site  from 
WWTP (m) 
St Louis River at Hwy 23 above Fond du Lac 10/1/2009 1300 US 749 14 0.023 23525 
Lake Superior in St Louis Bay at Duluth 10/1/2009 1000 DS 749 10.2 0.091 313 
Mississippi River above WWTP at Grand 
Rapids 
9/30/2009 1300 US 733 16.5 0.066 3042 
Mississippi River below WWTP at Grand 
Rapids 
9/30/2009 1000 DS 733 12.5 0.027 477 
Sauk River above Sauk Centre WWTP at 
Sauk Centre 
9/16/2009 1200 US 739 16.5 0.072 62 
Sauk River below Sauk Centre WWTP at 
Sauk Centre 
9/16/2009 1000 DS 739 16.5 0.066 1038 
Sauk River above Melrose WWTP at 
Melrose 
9/17/2009 1130 US 738 22 0.11 246 
Sauk River below Melrose WWTP at 
Melrose 
9/17/2009 1000 DS 738 17.8 0.033 1071 
South Fork Crow River above WWTP at 
Lester Prairie 
9/15/2009 1300 US 742 22.5 0.024 2255 
South Fork Crow River below WWTP at 
Lester Prairie 
9/15/2009 1100 DS 742 22.9 0.029 2479 
South Fork Crow River above WWTP at 
Hutchinson 
9/14/2009 1400 US 742 30 0.021 154 
South Fork Crow River below WWTP at 
Hutchinson 
9/14/2009 1100 DS 739 24 0.016 712 
Center Creek on Co Rd 143 at Fairmont 9/8/2009 1300 US 737 22 0.021 363 
Center Creek below WWTP at Fairmont 9/8/2009 1000 DS 737 19.5 0.026 375 
Mississippi River at Industrial Mollasses St 
Paul 
9/24/2009 1500 US 750 26.5 0.016 804 
Mississippi River at South St Paul 9/4/2009 1300 DS 750 24.5 0.027 1483 
Grindstone River above WWTP near 
Hinckley 
9/1/2009 1700 US 742 19 0.061 21 
Grindstone River Below Hinckley 9/1/2009 1400 DS 742 18.5 0.024 2199 
Mississippi River (Lake Pepin) above Lake 
City 
9/23/2009 1100 US 749 20 0.035 4139 
Mississippi R (LK Pepin) at Mile 771 near 
Lake City 
9/23/2009 1300 DS 749 4.9 0.013 137 
Okabena Creek above WWTP Outflow at 
Worthington 
9/9/2009 1500 US 737 28.5 0.017 28 
Okabena Creek below WWTP Outflow at 
Worthington 
9/9/2009 1100 DS 737 30 0.018 2672 
Shagwa Lake at Mouth of Burnside River 
near Ely 
9/28/2009 1000 US 715 10.2 0.19 3624 
Shagwa Lake near Ely WWTP Outflow at 
Ely 
9/28/2009 1100 DS 715 12.1 0.008 21 
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Table A17. List of Sampling Sites and Site Characteristics (contd.)  
Station Name 
Dissolved 
oxygen 
(mg/L) 
pH 
Specific 
conductance 
at 25oC 
(µS/cm) 
Water 
Temp. (oC) 
Turbidity 
(NTRU) 
Discharge 
(mgd) 
St Louis River at Hwy 23 above Fond du Lac 8.3 7.8 248 15.6 5.5 321.91 
Lake Superior in St Louis Bay at Duluth 7.4 7.6 544 16.3 6.8 N/A 
Mississippi River above WWTP at Grand Rapids 7.6 7.9 297 16.8 1.1 163.54 
Mississipi River below WWTP at Grand Rapids 7.6 8.1 322 17 1.4 171.95 
Sauk River above Sauk Centre WWTP at Sauk 
Centre 
5.6 7.9 422 18.8 17 16.16 
Sauk River below Sauk Centre WWTP at Sauk 
Centre 
4.7 7.7 469 17.8 16 16.81 
Sauk River above Melrose WWTP at Melrose 6.3 8 537 21.2 19 21.98 
Sauk River below Melrose WWTP at Melrose 4.5 7.7 712 20.5 14 21.98 
South Fork Crow River above WWTP at Lester 
Prairie 
7.8 8.1 793 19.7 8.6 27.15 
South Fork Crow River below WWTP at Lester 
Prairie 
7 8 773 19.2 12 29.73 
South Fork Crow River above WWTP at 
Hutchinson 
5.6 8 673 22.5 21 13.57 
South Fork Crow River below WWTP at 
Hutchinson 
6.4 7.9 903 21.6 12 16.81 
Center Creek on Co Rd 143 at Fairmont 5.9 7.8 1540 18.5 9.4 0.23 
Center Creek below WWTP at Fairmont 4.9 7 1290 18.9 5.7 1.03 
Mississippi River at Industrial Mollasses St Paul 6.4 8.3 602 22.7 13 166.77 
Mississippi River at South St Paul 5.7 8.2 688 22.9 12 2288.30 
Grindstone River above WWTP near Hinckley 8.4 7.9 185 17.8 3.8 11.64 
Grindstone River Below Hinckley 5.6 7.7 208 15.5 3.6 12.28 
Mississippi River (Lake Pepin) ABOVE Lake 
City 
5.6 8.1 472 22.3 9.4 
 
Mississippi R (LK Pepin) at Mile 771 near Lake 
City 
4.9 8.1 467 22.3 6.3 
 
Okabena Creek above WWTP Outflow at 
Worthington 
10.8 7.8 1130 23.9 12 0.08 
Okabena Creek below WWTP Outflow at 
Worthington 
5.7 7.5 2600 26.4 12 
 
Shagwa Lake at Mouth of Burnside River near 
Ely 
6.7 7.6 94 17.8 3.8 
 
Shagwa Lake near Ely WWTP Outflow at Ely 6.8 7.2 96 17.9 13 N/A 
Abbreviations – mgd – Million gallons per day, N/A – Not Applicable, 
Blank cell represent unavailable data. 
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Table A18. Wastewater Treatment Plants Characteristics  
Station Name 
WWTP 
Flow 
(mgd) 
WWTP 
Contribution to 
Downstream 
flow (%)a 
Wastewater treatment components 
Population 
Served by 
WWTP 
Western Lake Superior Sanitary District WWTP at 
Duluth 
48.4 N/A Activated sludge - pure oxygen, bar 
screen - mechanical 
111203 
Grand Rapids WWTP outflow at Grand Rapids 15.2 8.5 Activated sludge - contact 
stabilization, conventional, step feed 
12000 
Sauk Centre WWTP outflow at Sauk Centre 0.88 5.2 Activated sludge - contact 
stabilization, conventional, step feed 
4111 
Melrose WWTP outflow at Melrose 3 12.0 Activated sludge - contact 
stabilization, conventional, step feed 
3400 
Lester Prairie WWTP outflow at Lester Prairie 0.36 1.3 Activated sludge - extended aeration, 
oxidation ditch 
1774 
Hutchinson WWTP outflow at Hutchinson 5.4 28.5 Activated sludge - extended aeration, 
oxidation ditch 
13900 
Fairmont WWTP outflow at Fairmont 3.9 94.4 Activated sludge - contact 
stabilization, conventional, step feed 
10889 
Metro Plant (WWTP) outflow in St. Paul 251 11 Activated sludge - contact 
stabilization, conventional, step feed 
1800000 
Hinckley WWTP near Hinckley 0.5 4.1 Activated sludge - extended aeration 1438 
Lake City WWTP outflow at Lake City 1.52 
 
Activated sludge - contact 
stabilization, conventional, step feed 
5300 
Industrial WWTP outflow near Worthington 2 96.0 Activated sludge 11300 
Ely WWTP outflow at Ely 1.5 N/A Activated sludge - extended aeration 3900 
aCalculated based on USGS stream flow data 
N/A – Not Applicable 
Blank cell represent unavailable data 
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Table A19. LC-ESI-MS/MS parameters for analysis of various analytes 
MS/MS parameter 
Ion source Negative electrospray ionization 
Collision Gas  12 
Curtain Gas 25 
Ion source Gas 1 70 
Ion Source Gas 2 50 
Ion Spray Voltage -4500 V 
Source Gas 
Temperature 
500 oC 
 
Analyte Parent 
ion 
(m/z) 
Daughter 
ion 
(m/z) 
Declustering 
potential 
(V) 
Exit 
Potential 
(V) 
Collision 
Energy 
(V) 
Collision 
Cell Exit 
Potential 
(V) 
Retention 
Time 
(min) 
TCS 289 35 -60 -10 -34 -3 3.7 
NCC 211 92 -60 -10 -24 -3 2.05 
DCC 279 126 -70 -10 -20 -11 3.3 
TCC 313 160 -80 -10 -18 -9 4.9 
13C12 -TCS 301 35 -60 -10 -34 -3 3.7 
13C13 -TCC  326 166 -80 -10 -18 -9 4.9 
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Table A20. Analytical results and summary statistics for compounds detected in U.S. 
biosolids collected in 2001 
 
 
 
 
Compounds CAS # Recovery 
(%) 
Detection 
limit 
(µg/kg) 
Biosolids 
concentration (µg/kg) 
 
Avg. (Min, Max) 
Detected 
Frequency 
(%) 
log Kow 
 
Soil Half 
Life 
(d)a 
 
Annual Biosolids 
Load (kg/year) 
 
(Min-Max) 
Pharamaceuticals and Personal Care Products 
10-hydroxy-amitriptyline 1159-82-6 97.4 0.4 14.3 (8, 20.2)  100 2.66  41-129 
4-Epianhydrotetracycline  4465-65-0 18.9 29.3 109.6 (94.8, 126)  60 -1.90  483-806 
4-Epitetracycline  79-85-6 88.2 19.1 637 (258, 904)  100 0.62  1316-5786 
Acetaminophen 103-90-2 95.8 6.6 27 (24.8, 29.3)  40 0.46 30 126-188 
Alprazolam 28981-97-7 72.9 0.7 1.6 (1.6, 1.6)  20 2.12 75 8-10 
Amitriptyline 50-48-6 78.8 0.6 273 (144, 354)  100 4.91 120 734-2266 
Amlodipine 88150-42-9 47 4.2 42.2 (28.5, 51.7)  60 2.99 75 145-331 
Anhydrochlortetracycline  4497-08-9 32.5 21.4 147 (147, 147)  20 1.70  750-941 
Anhydrotetracycline 1665-56-1  23.2 27.4 111 (89.8, 127)  80 0.63 120 458-813 
Atenolol 29122-68-7 94.9 1.7 9.8 (9.8, 9.8)  20 0.15 75 50-63 
Atorvastatin 134523-00-5 79.7 1.4 5.1 (4., 6.1)  80 3.85  21-39 
Azithromycin 83905-01-5 16.9 2.5 1207 (466, 2190)  100 3.99 360 2377-14016 
Benzoylecgonine 519-09-5 92.1 0.3 1.03 (1.01, 1.05)  40 -1.30 30 5-7 
Benztropine 132-17-2 101 0.5 2.9 (2.8, 3.1)  100 3.90 75 14-20 
Caffeine 58-08-2 71.3 22.4 160 (63, 354)  100 0.00 30 321-2266 
Carbamazepine 298-46-4  167 1.2 84 (55.4, 134)  100 2.45 75 283-858 
Cimetidine 51481-61-9  92.4 0.8 248 (96.1, 434)  100 0.26 75 490-2778 
Ciprofloxacin 85721-33-1  125 7.4 5018 (2680, 8100)  100 0.24 120 13668-51840 
Clarithromycin 81103-11-9  227 2.2 35.9 (12.4, 72.6)  100 3.07 360 63-465 
Cocaine 50-36-2 97.6 0.1 3.7 (1.6, 9.3)  100 2.29 75 8-59 
Codeine 76-57-3  129 8.4 17.6 (17.6, 17.6)  20 1.12 120 90-113 
Cotinine 486-56-6  120 1.0 23.1 (15.6, 32.5)  100 0.07 75 80-208 
DEET 134-62-3  112 0.6 7.4 (4.7, 11.3)  100 2.18 75 24-72 
 Desmethyldiltiazem 86408-45-9  357 0.3 7.5 (1.9, 18)  100 3.86  10-115 
Digoxin 20830-75-5 339 32.9 44.6 (44.6, 44.6)  20 1.26 360 227-285 
Diltiazem 42399-41-7  130 0.3 107 (8.2, 404)  100 2.68 120 42-2586 
Diphenhydramine 58-73-1  95.5 0.5 791 (494, 1130)  100 3.25 75 2519-7232 
Doxycycline 564-25-0  43.5 11.3 311 (97.1, 457)  100 0.00 120 495-2925 
Enrofloxacin 93106-60-6  224 5.7 9.8 (8.4, 11.8)  80 2.27  43-76 
Erythromycin 114-07-8 97.5 0.5 30.3 (12.6, 46.3)  100 2.97 360 64-296 
Fluoxetine 54910-89-3  110 1.6 119 (85.3, 159)  100 4.05 120 435-1018 
Furosemide 54-31-9  92.6 104 108 (89.8, 127)  40 2.03 120 458-813 
Gemfibrozil 25812-30-0  102 3.2 116 (88.1, 173)  100 4.76 75 449-1107 
Glyburide 10238-21-8  104 15.6 13.6 (5.9, 21.3)  40 4.79 360 30-136 
Hydrocodone 125-29-1  83.8 4.5 12.7 (5.9, 21.4)  80 2.12 120 30-137 
Ibuprofen 15687-27-1  103 39.2 235 (166, 299)  100 3.97 30 847-1914 
Metformin 657-24-9  107 21.6 173 (71.6, 315)  100 -2.60 30 365-2016 
Metoprolol 51384-51-1  93.4 4.5 24.6 (11.1, 38)  100 1.87 75 57-243 
Miconazole 22916-47-8  134 0.8 693 (455, 865)  100 6.19 1600 2321-5536 
Naproxen 22204-53-1  98.2 23.4 97.6 (31, 271)  100 3.18 30 158-1734 
Norfluoxetine 83891-03-6  100 2.0 41.4 (15, 83.1)  100 3.75  77-532 
Norverapamil 67018-85-3  82.7 0.3 358 (126, 590)  100 3.66  643-3776 
Ofloxacin 82419-36-1  399 3.8 3872 (2080, 5690)  100 -0.54 180 10608-36416 
Oxycodone 76-42-6  108 1.2 68.5 (10.4, 167)  60 0.39 180 53-1069 
Oxytetracycline  79-57-2  80.1 14.9 22.3 (18, 24.6)  80 -0.90 60 92-157 
Paroxetine 61869-08-7  105 7.1 61.4 (30.8, 90)  100 3.70  157-576 
Promethazine 60-87-7  108 0.6 21.8 (15.2, 29.6)  100 4.80 120 78-189 
Propoxyphene 469-62-5  88.7 1.2 49.4 (16.7, 76.8)  100 4.17 120 85-492 
Propranolol 525-66-6  91.2 2.5 106 (58.4, 146)  100 3.48 30 298-934 
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Compounds CAS # Recovery 
(%) 
Detection 
limit 
(µg/kg) 
Biosolids 
concentration (µg/kg) 
 
Avg. (Min, Max) 
Detected 
Frequency 
(%) 
log Kow 
 
Soil Half 
Life 
(d)a 
 
Annual Biosolids 
Load (kg/year) 
 
(Min-Max) 
Ranitidine 66357-35-5  70.7 1.7 62 (18.7, 141)  100 0.21 75 95-902 
Sertraline 79617-96-2  74 0.5 455 (223, 636)  100 5.07  1137-4070 
Tetracycline 60-54-8  80.3 13.9 670 (265, 920)  100 -1.30 60 1352-5888 
Thiabendazole 148-79-8  72.5 2.1 94.1 (13.6, 392)  100 2.47 30 69-2509 
Triamterene 396-01-0  81.2 0.5 433 (260, 580)  100 0.95 75 1326-3712 
Triclocarban 101-20-2  104 4.1 29380 (20500, 41300)  100 4.90 120 104550-264320 
Triclosan 3380-34-5  106 251 11214 (6890, 14600)  100 4.58 120 35139-93440 
Trimethoprim 738-70-5  85.8 1.7 30.1 (11.6, 45.3)  100 0.78 120 59-290 
Valsartan 137862-53-4  107 9.2 44.8 (24, 66.1)  80 4.02  122-423 
Verapamil 52-53-9  92.2 0.3 549 (148, 673)  100 3.78 360 755-4307 
Steroids and Hormones 
Androstenedione 63-05-8  94.3 0.9 25.1 (15.7, 38.9)  100 2.75 120 80-249 
Estrone 53-16-7  90.1 5.9 29.9 (21.5, 39.6)  80 3.87 120 110-253 
Progesterone 57-83-0  105 1.5 41.7 (16.2, 107)  100 3.13 75 83-685 
Alkyphenols and their Ethoxylates 
4-Nonylphenol 104-40-5  105 1.6 534200 (405000, 
861000)  
100 5.76 140 2065500-5510400 
4-Nonylphenol 
monoethoxylate 
104-35-8  92.4 12.2 62140 (34300, 
103000)  
100 5.57 30 174930-659200 
4-Nonylphenol 
diethoxylate 
20427-84-3  106 33.9 59540 (32800, 
153000)  
100 5.30 30 167280-979200 
Perfluorinated Compounds 
PFBA 375-22-4  99.7 0.06 1.9 (1.2, 3.2)  80 2.43 120 6-21 
PFPeA 2706-90-3  99.1 0.05 3.5 (1.8, 6.7)  100 3.40 120 9-43 
PFHxA 307-24-4  107 0.04 6.2 (2.5, 11.7)  100 4.36 360 13-75 
PFHpA 375-85-9  104 0.05 3.4 (1.2, 5.4)  80 5.33 360 6-35 
 PFOA 335-67-1 103 0.04 33.7 (11.8, 70.3)  100 6.29 360 60-450 
PFNA 375-95-1  92.4 0.08 9.2 (3.2, 21.1)  100 7.26 360 16-135 
PFDA 335-76-2  98.9 0.05 26.1 (6.9, 59.1)  100 8.23 360 35-378 
PFUnA 2058-94-8  74.6 0.03 11.7 (2.8, 38.7)  100 9.19 360 14-248 
PFDoA 307-55-1  95.4 0.04 10.9 (4.5, 26)  100 10.10 360 23-166 
PFBS 45187-15-3  110 0.10 3.4 (2.5, 4.8)  60   12-31 
PFHxS 108427-53-8  97.8 0.14 5.9 (5.3, 6.6)  100   27-42 
PFOS 45298-90-6  96.9 0.14 402 (308, 618)  100 6.27 360 1571-3955 
PFOSA 754-91-6  75.3 0.08 20.6 (2.2, 68.1)  100 7.46 360 11-436 
Brominated Flame Retardants 
BDE-7 171977-44-9   0.025 1.1 (0.2, 1.7)  100 5.80  1-11 
BDE -8/11 147217-71-8   0.029 0.2 (0.14, 0.4)  100 5.36  1-2 
BDE -12/13 189084-59-1   0.052 0.17 (0.07, 0.24)  60 5.88  0.4-2 
BDE-15 2050-47-7   0.010 2.6 (0.47, 7.7)  100 5.82 120 2-49 
BDE-17/25 147217-75-2  0.023 23.7 (8.9, 42.2)  100 5.73  45-270 
BDE-28/33 41318-75-6  93.8 0.027 13.4 (8.4, 18.6)  100 6.31  43-119 
BDE-32 189084-60-4   0.016 0.08 (0.04, 0.16)  100 6.53  0.2-1 
BDE-37 147217-81-0   0.011 0.24 (0.16, 0.37)  100 6.53  1-2 
BDE-47 5436-43-1  134 0.055 789 (314, 1120)  100 6.68  1601-7168 
BDE-49 243982-82-3   0.015 38.4 (7.7, 62)  100 7.46  39-397 
BDE-51 189084-57-9   0.015 2.9 (0.7, 5.1)  100 7.22  4-32 
BDE-66 189084-61-5   0.020 16.6 (5.7, 26.1)  100 7.47  29-167 
BDE-71 189084-62-6   0.016 9.3 (1.7, 17.8)  100 7.30  9-114 
BDE-75 189084-63-7   0.033 1.2 (0.3, 1.7)  100 7.34  2-11 
BDE-85 182346-21-0   0.009 37 (16.8, 51.9)  100 8.02  86-332 
BDE-99 60348-60-9  119 0.051 1004 (402, 1510)  100 7.31  2050-9664 
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Compounds CAS # Recovery 
(%) 
Detection 
limit 
(µg/kg) 
Biosolids 
concentration (µg/kg) 
 
Avg. (Min, Max) 
Detected 
Frequency 
(%) 
log Kow 
 
Soil Half 
Life 
(d)a 
 
Annual Biosolids 
Load (kg/year) 
 
(Min-Max) 
BDE-100 189084-64-8  97 0.018 179 (75.3, 229)  100 8.03  384-1466 
BDE-119/120 189084-66-0   0.025 1.7 (1.2, 2.4)  100 8.11  6-15 
BDE-138/166 182677-30-1   0.032 15 (7.4, 20)  100 8.82  38-128 
BDE-140 243982-83-4   0.019 3.4 (1.7, 4.6)  100 8.67  8-29 
BDE-153 68631-49-2  88.1 0.012 103 (43.9, 138)  100 7.93  224-883 
BDE-154 207122-15-4  89.8 0.016 81.8 (34.3, 124)  100 8.83  175-794 
BDE-155 35854-94-5   0.013 4.5 (1.8, 6.6)  100 7.53  9-42 
BDE-181 189084-67-1   0.020 0.5 (0.1, 1)  100 9.31  1-6 
BDE-183 207122-16-5  90.4 0.010 14 (8.4, 20.5)  100 9.49  43-131 
BDE-190 189084-68-2   0.028 2 (0.9, 3.4)  100 9.40  5-22 
BDE-203 337513-72-1   0.040 26.8 (9.3, 59.2)  100 10.11  47-379 
BDE-206 63387-28-0   0.245 587 (149, 1420)  100 10.70  760-9088 
BDE-207 437701-79-6   0.219 663 (157, 1430)  100 10.62  801-9152 
BDE-208 437701-78-5  0.175 409 (112, 965)  100 10.70  571-6176 
BDE-209 1163-19-5  98.7 2.470 5360 (1420, 14200)  100 12.10 360 7242-90880 
PBB-101b 67888-96-4 88.1 0.005 4.7 - 7.10 360 24-30 
PBB-153b 59080-40-9 108 0.005 49.1 - 9.09 360 250-314 
alpha-HBCDDb 3194-55-6 99.5 0.15 6.7 - 7.74 120  34-43 
beta-HBCDDb 3194-55-6 96.3 0.1 0.8 - 7.74 120 4-5 
gamma-HBCDDb 3194-55-6 99.3 0.14 12.3 - 7.74 120 63-79 
PBEB 85-22-3  97.5 0.0002 1.6 (0.77, 2.5)  100 6.07 360 4-16 
HBB 87-82-1  95.5 0.001 0.5 (0.16, 1.3)  100 6.07 360 1-8 
BTBPE 37853-59-1  95.6 0.6 1964 (37.3, 9060)  100 9.14 360 190-57984 
DBDPE 84852-53-9  87.7 4 485 (6.43, 1440)  60 11.68  33-9216 
Brominated Dioxins and Furans 
123478/123678-HxBDD 110999-45-6  96.1 10.0 0.08 (0.016, 0.2)  60 9.68 360 0.1-1 
1,2,3,7,8,9-HxBDD 110999-46-7  88.2 10.0 0.06 (0.006, 0.12)  40 8.45  0.05-1 
2,3,7,8-TBDF 67733-57-7  175 2.0 0.01 (0.005, 0.016)  80 6.10 360 0.04-0.1 
1,2,3,7,8-PeBDF 107555-93-1  92.9 10.0 0.02 (0.009, 0.04)  40 8.49 360 0.1-0.3 
2,3,4,7,8-PeBDF 131166-92-2 89.2 10.0 0.06 (0.009, 0.2)  80 7.00  0.1-1 
1,2,3,4,7,8-HxBDF 129880-08-6 75 10.0 0.33 (0.04, 1.3)  100 7.67  0.3-8 
1,2,3,4,6,7,8-HpBDF 107555-95-3 67.1 10.0 9.6 (0.7, 40.9)  100 8.31  5-262 
aEstimated by PBT profiler 
bThese compounds were analyzed in the mega-composite sample and hence minima and maxima values are not available. 
Highlighted compounds are reported for the first time in U.S. biosolids from this study. 
Blank cells represent unavailable data. 
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Table A21. Production volume of the most abundant compounds detected in biosolids 
 
Compounds Chemical Use Production Volume 
 (Metric tonnes/year) 
Source 
BDE-209 Flame retardant 22,700 – 45,3601 (U.S. EPA, 
2011b) 
BTBPE Flame retardant 2,2682  (Hakk et al., 
2004) 
BDE-99 Flame retardant 2,4103 ( United 
Nations 
Environment 
Programme, 
2009) 
4-Nonylphenol Surfactant 139,8904  (Chemical 
market 
reporter, 2001) 
4-Nonylphenol Ethoxylates Surfactant 111,9124  (Chemical 
market 
reporter, 2001) 
Triclocarban Disinfectant 450 – 4,5351  (U.S. EPA, 
2011b) 
Triclosan Disinfectant 450 – 4,5351  (U.S. EPA, 
2011b) 
Azithromycin Antibiotic 833a a 
Ciprofloxacin Antibiotic 538a a 
Ofloxacin Antibiotic 223a a 
aEstimated based on total sales in U.S. divided by average cost of a single pill obtained 
from online sources 
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Table A22. Common chemicals detected in biosolids and human samples that represent 
the U.S. nation and other unmonitored bioaccumulative chemicals detected in biosolids. 
Common Chemicals Detected in Humans and Biosolids Samples 
1,2,3,4,6,7,8-Heptachlorodibenzo-p-dioxin (HpCDD)   PBB 153 
1,2,3,4,7,8-Hexachlorodibenzo-p-dioxin (HxCDD) BDE 100 
1,2,3,6,7,8-Hexachlorodibenzo-p-dioxin (HxCDD)  BDE 153 
1,2,3,7,8,9-Hexachlorodibenzo-p-dioxin (HxCDD)  BDE 154 
1,2,3,4,6,7,8,9-Octachlorodibenzo-p-dioxin (OCDD)   BDE 183 
1,2,3,4,6,7,8-Heptachlorodibenzofuran (HpCDF)   BDE 28   
1,2,3,4,7,8-Hexachlorodibenzofuran (HxCDF)  BDE 47 
2,3,4,7,8-Pentachlorodibenzofuran (PeCDF)  BDE 85 
3,3’,4,4’,5-Pentachlorobiphenyl (PCB 126)  BDE 99 
3,3’,4,4’,5,5’-Hexachlorobiphenyl (PCB 169)  PFDA 
2,3,3’,4,4’-Pentachlorobiphenyl (PCB 105)   PFHpA 
2,3’,4,4’,5-Pentachlorobiphenyl (PCB 118)  PFHxS  
2,3,3’,4,4’,5-Hexachlorobiphenyl (PCB 156)  PFNA 
2,3,3’,4,4’,5’-Hexachlorobiphenyl (PCB 157)   PFOA 
2,3’,4,4’,5,5’-Hexachlorobiphenyl (PCB 167)  PFOS 
2,3,3’,4,4’,5,5’-Heptachlorobiphenyl (PCB 189)  PFOSA 
1-Hydroxypyrene  PFUnDA 
Cotinine  TCS 
Unmonitored Bioaccumulative Chemicals 
1,2,3,4,6,7,8-HpBDF BDE -208 
1,2,3,4,7,8/1,2,3,6,7,8-HxBDD BDE -209 
1,2,3,4,7,8-HxBDF BDE -32 
1,2,3,7,8,9-HxBDD BDE -37 
1,2,3,7,8-PeBDF BDE -49 
2,3,4,7,8-PeBDF BDE -7 
2,3,7,8-TBDF BDE -71 
4-Nonylphenol BDE -75 
4-Nonylphenol diethoxylate BDE -8/11 
4-Nonylphenol monoethoxylate BDE -85 
BDE -119/120 BDE-51 
BDE -12/13 BTBPE 
BDE -138/166 DBDPE 
BDE -140 HBB 
BDE -15 HBCDD 
BDE -155 Miconazole 
BDE -181 PBB-101 
BDE -190 PBB-101 
BDE -203 PBB-153 
BDE -206 PBEB 
BDE -207 Sertraline 
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Table A23. Concentration of 36 analytes detected commonly in nationawide 
representative samples of human and biosolids. 
 
Compound 
Humans Biosolids 
(ng/g- 
dw) 
Lipid-normalized 
concentration 
 (ng/g of lipid) 
Matrix Concentration Mean/ 95th perc. Unit 
Human1 Biosolids2 
Cotinine Serum 0.06 95th perc. µg/L 23 0.75 62.7 
TCS Urine 13.3 Mean µg/L 11200             - 30434 
PFDeA Serum 0.95 95th perc. µg/L 26.1 11.3 71 
PFHpA Serum 0.35 95th perc. µg/L 3.4 4.14 9.3 
PFHxS Serum 1.9 Mean µg/L 5.9 23 15.9 
PFNA Serum 0.98 Mean µg/L 9.2 11.6 25 
PFOA Serum 3.9 Mean µg/L 33.7 47.2 91 
PFOS Serum 20.8 Mean µg/L 402.4 246 1093 
PFOSA Serum 0.3 95th perc. µg/L 20.7 3.55 56.1 
PFUnDA Serum 0.6 95th perc. µg/L 11.7 6.52 31.9 
BDE 28 Serum 1.2 Mean 
ng/g of 
lipid 13.4 1.2 36.3 
BDE 47 Serum 20.5 Mean 
ng/g of 
lipid 789.4 20.5 2145 
BDE 85 Serum 4.2 95th perc. 
ng/g of 
lipid 59.2 4.18 161 
BDE 99 Serum 43.3 95th perc. 
ng/g of 
lipid 1470 43.29 3995 
BDE 100 Serum 3.9 Mean 
ng/g of 
lipid 179 3.93 486 
BDE 153 Serum 5.8 Mean 
ng/g of 
lipid 103.5 5.79 281 
BDE 154 Serum 4.3 95th perc. 
ng/g of 
lipid 128.5 4.25 349 
BDE 183 Serum 1.7 95th perc. 
ng/g of 
lipid 55.5 1.7 151 
HBB 153 Serum 2.3 Mean 
ng/g of 
lipid 49 0.002 133 
1,2,3,4,6,7,8- 
HpCDD Serum 39.1 Mean 
pg/g of 
lipid 0.5 0.04 1.34 
1,2,3,4,7,8- HxCDD Serum 15.2 95th perc. 
pg/g of 
lipid 0.008 0.02 0.02 
1,2,3,6,7,8- HxCDD Serum 34.6 Mean 
pg/g of 
lipid 0.02 0.03 0.06 
1,2,3,7,8,9- HxCDD Serum 16.8 95th perc. 
pg/g of 
lipid 0.023 0.02 0.06 
1,2,3,4,6,7,8,9- 
OCDD Serum 1265 95th perc. 
pg/g of 
lipid 7.8 1.26 21.17 
1,2,3,4,6,7,8- 
HpCDF Serum 9.7 Mean 
pg/g of 
lipid 0.17 0.01 0.45 
1,2,3,4,7,8- HxCDF Serum 
15.1 
95th perc. 
pg/g of 
lipid 
 0.01 0.02 0.03 
2,3,4,7,8- PeCDF Serum 17.7 Mean 
pg/g of 
lipid 0.006 0.02 0.02 
PCB 126 Serum 22.9 Mean 
pg/g of 
lipid 0.03 0.02 0.07 
PCB 169 Serum 17.9 Mean 
pg/g of 
lipid 0.002 0.02 0.01 
PCB 105 Serum 1.2 Mean 
pg/g of 
lipid 0.003 0.001 0.01 
PCB 118 Serum 6.1 Mean pg/g  9.89 0.01 26.82 
203 
PCB 156 + 157 Serum 3.1 Mean 
pg/g of 
lipid 1.5 0.003 4.18 
PCB 167 Serum 0.5 Mean 
pg/g of 
lipid 0.5 0.0004 1.24 
PCB 189 Serum 1.5 95th perc. 
pg/g of 
lipid 0.078 1.48 0.21 
1-Hydroxypyrene Urine 90.4 Mean ng/L 8265 - 22459 
1Lipid-normalized concentration of analytes (if unavailable) were calculated based on the mean baseline levels 845 
mg of lipids in 100 mL of human serum  
2Lipid-normalized concentration of analytes were calculated based on 19 weight% of lipid in dry sewage sludge 
- Urine concentrations were not lipid-normalized 
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